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Abstract: A pair of cyanide-bridged ironcopper molecular assemblies relevant to cyanide-inhibited hewgper
oxidases has been studied by X-ray absorption spectroscopy at both Fe and Cu K-edges. These two complexes,
[(py)(OEP)Fe-CN—Cu(Mestren)E™ (2) and [(py)(OEP)Fe CN—Cu(TIM)]2*" (3), contain a unique four-body Fe
C—N-—Cu bridge with an FeC—N angle of 179. They, however, differ significantly in the GtN—C angle (174

in 2 and 147 in 3). These two complexes provide the opportunity to study long-range multiple scattering (MS)
interactions between the Fe and the Cu centers. We have calculated theoretical four-body MS signals for the bridge
configuration and other four-body pathways in the structures, and performed least-squares fittings of the theoretical
signals to the experimental data using the GNXAS programs. A strong long-rang€urimteraction (4.94 A) has

been observed from both the Fe and Cu K-edge data. faBNXAS analysis shows that this long-range interaction

is attributed to the MS amplitude enhancement from the linear four-boehCF&N—Cu configuration. This interaction

is not observable from the Fe and Cu K-edge data3farhere the angle deviates significantly from linearity. An
angle-dependence study of MS effects on the-Nu-C angle shows that there is a large enhancement of MS intensity
when the angle approaches linearity, and that this MS effect is negligible when the angle is-i€lGw Essentially

no Fe-Cu interaction is detectable for a configuration with such an angle. Comparisons with three-body MS effects
found in Fe-O/O(H)—Cu bridged systems are made. The significance of the findings of this study to the structural
definition of the binuclear center in the cyanide-inhibited heme-copper oxidases is discussed.

Introduction ! binuclear hemes—Cug site in the superfamily of heme-copper

We are engaged in extensive synthetic, structural, and respiratory oxidase¥. Karlin and co-workers have also pre-

i _ _bri | | _
spectroscopic investigations of heme-based molecular assemblie? are?zarg examlngd gxo ;nd Ty d;ogo brlgged d(Ed dsyst th
containing the unsupported bridges"FeX—Cu' with X = ems. loXygen IS bound, aclivated, and reduced at the

0?25 OH- 35 RCO,~ 56and CN".7-19 These molecules are binuclear site, whose existerealbeit without identification of
' ' ' ' q bridging ligands-has been confirmed for two oxidases by

intended as actual or potential analogues of the oxidize X e
protein crystallographi?4 In their oxidized and reduced forms,

+ To whom corrfe(s:l?]ondence ;ho#lddbe addressed. the oxidases bind certain exogenous anions, among them
5 Eﬁpoagégﬁnst;nchrst?gr?tgé digatlir:) rc])rFaLchrl}lt\)//(.erSIty. cyanide!®18 Binding of cyanide causes heragto assume a

* Stanford Synchrotron Radiation Laboratory, Stanford University. low-spin six-coordinate state, and alters the magnetic coupling
" Harvard University. from antiferromagnetic to ferromagnetic with attendant stabi-

Y Permanent address: Dipartimento di Fisica, Univedsgli Studi dell’ i : . 8 .
Aquila, Via Vetoio, 67010 Coppito, L'Aquila, Italy. lization of an integer-spin ground stdfe'® There is general

#Permanent address: Dipartimento di Matematica e Fisica, Universita consensus that the cyanide ion enters the binuclear site, blocks
degli Studi di Camerino, Via Madonna delle Carceri, 62032 Camerino (MC),

Italy.
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oxygen binding, and hence prevents the reactipr-GH™ + EXAFS study of [F&' —X—Cu'] bridges targeted on the oxo
4e — 2H,0. and hydroxo cases. These complexes, [(OEP)F©—

As noted earliePthere are three reasonable modes of cyanide Cu(Mestren)[t and [(OEP)Fe-(OH)—Cu(Mestren)(OCIQ)] T,
binding in the oxidized form: (i) exclusive binding at Cu(ll)  constitute a useful pair with which we were able to observe
or Fe(lN); (ii) tight binding at one metal, with the terminal atom and quantitatively analyze a strong bridge-angle dependence of
weakly interacting with the other metal or with a proton in a MS effects at both the Fe and Cu K-edges. This study employed
hydrogen bond; and (iii) formation of a tight linear or nonlinear a correlated three-body MS analysis (with the GNXAS program
[FE"—CN—Cu'] bridge. Analogues of (i) devolve to rather suité'®=22) that gave rise to accurate determination of distances
simple heme- or Cu(ll)—cyanide complexes, several examples and angles for these systems. A similar study using a different
of which exist and include molecules recently prepared t8Pus. pair, in which the structure of the hydroxo member was
We do not favor this mode because the cyanide stretching determined by EXAFS, has been reporiéd.

frequencies of Ct—CN and (heme)Fé& —CN group§—10 are In contrast, bridges of the type [MX—Y—M'] at or near
lower than those observed for the cyanide-treated oxidases whichinearity may require treatment of a correlatiedir-body MS
are typically in the range ofcy = 2146-2152 cnrl.150e9Given pathway. An understanding of these more complicated MS

the affinity of oxidized hemes for cyanide, under model (i) a effects is necessary if the putative cyanide bridge of tyje

Fe''—CN interaction is expected, and for the complex [Fe(1- binuclear oxidase sites is to be successfully probed by EXAFS.

Melm)(OEP)(CN)], avcy of 2129 cnmt is observed® Binding In this investigation, we have undertaken EXAFS analysis of

mode (i) involves weak interactions at the nitrogen atom. Based the pair of molecular assemblies [(py)(OEP}&eN—

on our vibrational analysis of bridge unit in structurally Cu(Mestren)E* (2)"2and [(py)(OEP)Fe CN—Cu(TIM)]2* (3).°
This investigation is the first application to molecular inorganic

A 1I8A g 47740 complexes of the newest version of GNXAS that allows for
Fe‘-‘TQ_ZN (188217 A four-body MS treatments and provides an efficient description
493541A 7T N cu" of four-body configurations. As with the oxo/hydroxo-bridged
1 pair, complexe® and3 can be studied at both the Fe and Cu
edges (including multiple-edge refinemefit). We have hence
characterized model complexes and the slight (3%rshift of examined the long-range interactions between the two metals

the preceding heme complex in a hydrogen-bonding soifent, through the Fe C—N—Cu configuration and determined the
we regard this mode as unlikely. Binding mode (iii) implicates extent to which these interactions are significant from the
the bridge unitl, which we have prepared and crystallographi- EXAFS point of view. We note that Penner-Hahn and co-
cally demonstrated in some seven different molecules of the workers have studied linear €«@€—N—Cu systems relevant to
general type [(py)(OEP) Me—CN—Cu'LL']*"2", where L is organocuprate reagents by Cu K-edge EXAfSJsing FEFE®
a tridentate or tetradentate nitrogeneous ligand ahds Lla MS calculations, they have shown a-GCu interaction in the
unidentate neutral or anionic ligand (absent when L is outer shell at~5.0 A. Similar metat-metal interactions have
tetradentate}.® In bridgel, the Fe-C and C-N bond distances  also been examined by FEFF on a Mo complex with a linear
are essentially invariant and average values are shown; infour-body Mo—N=N—Mo configuration?® In neither of these
addition, the mean FeC—N angle is 178(2). However, both cases was the four-body interaction treated as fully correlated
the Cu-N distance and the CtN—C anglef are pliable and assemblies.
can be empirically varied over the indicated rangasd with For the study reported herein, complex2$174°) and 3
them the Fe-Cu separatiorrby the use of different ligands  (147) were selected because they are limiting in-Gl+C
L/L'. Thevcn values for the oxidases are covered by the range bridge angle among the set of seven structurally defined
ven A~ 2140-2185 cnt! of the synthetic complexes, whose complexes described earlier. This large difference in bridge
frequencies depend on the interplay betw@eand the Ct-N geometry affords the unique opportunity to investigate the
bond lengtt?. Further, bridgel in synthetic complexes propa-  angular sensitivity of the four-body MS effects and to compare
gates a spin-coupling interaction leading to an integer-spin the results with those from the three-body oxo- and hydroxo-
ground state. Consequently, we favor binding mode (iii) in the bridge case$. At the same time, a comparison of GNXAS-
enzymes. determined structural parameters with the known crystallo-
As an overall goal, we seek a molecular description of cyanide graphic values provides a means to evaluate the accuracy of
toxicity by demonstrating as directly as possible the mode of the method in treating four-body problems. We have also
cyanide binding in inhibited oxidases. Synthetic bridged performed a statistical analysis of errors using contour fiéts
molecular assemblies of known structure provide indispensableto identify correlations among fitting parameters and to establish
reference points for this problem when pursued by various the error limits.
spectroscopic methods including XAS. Our first complete
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Experimental Section smaller than 27 when a four-body signal was included. Specifically,
the four-body pathways contained some of the three-body pathways

Sample Preparation a';‘g EXAFS Datf Collection and Reduction. —,qeq in the fit; therefore, the same parameters describing these three-
The compoundf](CIO,)."® and(3](PFs).” were prepared as described. y),4y pathways were used in the four-body case. Further, the important

Solid samples were ground to a fine powder and diluted with boron {5, "1)o4y configurations in the two structures are collinear or nearly
nitride under a dry dinitrogen atmosphere in a glovebox. The powder hianar | these special cases, the covariance matrix contains a reduced
samples were transferred into a 1-mm-thick slotted Al spacer, pressed, ,mper of terms. For a planar structure, the dihedral apgieaches

into a fine pellet, and sealed between 63rB-Mylar windows. Upon an extreme and covariance parameters involvinganish. For a
removal from the glovebox, the samples were immediately frozen in . inear structure, any bond or angle correlation with= 18C is

liquid nitrogen and kept at this temperature prior to measurements.  ,erq - |n particular, the covariance matrix of the-fe-N—Cu collinear

h Trsans?”lisdsign X:ay absgrpc;_ior_] spﬁctl;oscopic dSaStaRKvere recforded gtfour-body configuration (both collinear and planar) contains only 8
the Stanford Synchrotron Radiation Laboratory ( ) on unfocused (o c. Oh, P, OB, Py Praris PRy 0%, ANGZ, For the other

begméineKY—g, Wi(tjh ring conditions 3'(? G?V’ 608'.“?2-0 Bgth tt)Te Fe Ifour-body signals used in the fit (their structures i)eing planar but not
and Cu K-edge data were measured using a Si(220) double-crystaljyoay) the covariance matrix has 7 more terms in addition to the 8

tmonochrtomatc;r,loarlldbthe sgn’]lcplzsl W;are matuntg'l:nlezdosat at.COHStamterms described above. They are the correlations with the two non-
emperature o y an Oxford Instruments CONtNUOUS- 506 angleshs ANd6:: prygs PRy 0 PRatss PRadm PRatss PRodz ANAPGL 0.

flow qul_Jid-heIium cryostat_. Internal energy calibration was_perf_ormed In the case oR, the number of the fitting parameters was further
by p"’?‘c”?g an Fe or Cu foil betwe_en _the se_cond a_md the thqu nitrogen- o 4y ced by using a simultaneous multiple-edge fitting of the Fe and
filled ionization chambers. The first inflection point of the foil spectra | K-edge data. As detailed in earlier publicatiédbsuch analysis
was assigned to be 7111.2_eV for Fe and 8980.3 eV for Cu. The dataallows common pathways to be constrained to be the same, which in
represent averages of multiple scans {@), and these averaged raw this case are the parameters of the-Ee-N—Cu structure. Only one

data, WlthOL:jt baclkgr(:jund subtraction, were input into the GNXAS set of these parameters was introduced and refined adpmitisthe Fe
program and analyzed. and Cu K-edge data. In the case3pkingle-edge fits were performed

EX,GAIE)SMS Iaata é?\la)l(f'ss An exp:janded \llersior:l %fla?ttg? inft.egrated because the Fe and Cu data did not contain overlapped information as
package AS was used to analyze the data.lts fitting those seen i@; neither metal could be seen from the data of the other
methodologies and statistical treatment of errors for inorganic Complexesone (see results and discussion section for details)

hf“:je been tezp:]alne_d n detgllllnl prtewoust pUb(Ij'.C?t't’wsz' 'iofrf thfe5 g 4 For the final fits, the total number of the fitting parameters for the
Svgsy;%?;; d ui:f]milf?engo s?alcl:ous;aerhﬂgc(c)); di'sa?ggz;g;; a(;] d. multiple-edge result of2 was 50. Due to a limitation in the
g g ry grap ’ dimensioning of the prograndg, rs, PRry,02 PRrs0, 8Ndpg, e, Of the four-

the two- and three-body configurations in each cluster were identified body signal from the porphyrin contribution were set to zero and weak

with a frequengy tqlerance of 0.05A. In practice,. this means that the signals were excluded. The total number of the fitting parameters for
porphyrin contribution hasmmsymmetry. Phase shifts were calculated the single-edge fit of the Fe and Cu K-edge data afere 40 and 46,

using the standard muffin-tin approximation, and individual SS and res ’ : : :

. . : pectively. It is useful to include here the number of independent
MS EXAFS signals for selected two-body and three-body conflgur_atlons data points in the EXAFS spectrum for comparison. Using the formula
were_then generr_a\te(_j._ A m_odel EXAFS spectrum was built by provided by Sterr? the number of independent points were 74 Zor
combining all the individual signals and an appropriate background. and 38 and 36 for the Fe and Cu K-edges3orThe relatively large

This m(_)del EXAF.S spectrum was refl_ngd_ag{alnst the experlmentz_al umber of the fitting parameters 81may result in higher errors in the
absorption data using a least-squares minimization procedure that varie itting results

20 . .
SGt:\:J;XJSraI fa_nd r:r?nstrlgctural parz:met‘é_»}%. It As desl,crlt_);dthearltlé’r,t | Throughout the paper, an effective signal from a three-body
refines the Spliine parameters simuftaneously wi € structura configurationo—i—j (whereo is the photoabsorber) includes contribu-

pafrahmeters. ; q lained as foll h fruct Itions from a two-body SS term® (associated with the most distant
e parameters used are explained as follows. The nonstructural i, o...) and a three-body MS terpi® (o—i—j).2* Similarly, an

parameters included in the fitting wekg (core ionization threshold), effective 4-body signalo—i—j—k (where o is the photoabsorber)
ﬁ (many-body amplitude reduction factoB; (experimental resolu- includesy® (o++-k), two 3-body MS terms/® (o—i-+-k ando-++j—k),
tion), andIc (core-hole lifetime). The first three were varied during 54 one 4-body MS term® (o—i—j—K).

the refinement . was slightly varied around the known energy

resolutions), and@. was kept fixed to tabulated valu&s.The structural Results and Discussion

parameters varied for a two- or three-body signal have been explained

in detail earliert Specifically, they were the bond distance (R) and Fe K-Edge Analysis of [(py)(OEP)Fe-CN—Cu(Megtren)]2*

the bond varianceo) for a two-body signal, the two shorter bond  (2) and [(py)(OEP)Fe—~CN—Cu(TIM)] 2* (3). The structures
distances (Rand R), the intervening angled], and the six covariance of 2 and 3, set out in Figure 1, are quite similar from the Fe
matrix elements for a three-body signal. The coordination numbers point of view. Consequently, the two fit results are discussed
were fixed at the known crystallographic values. For a linear three- together for comparison. THé-weighted EXAFS data and the
body signal, the angle of 18avas fixed and the angle variancé] corresponding FTs fo and3 are presented in Figures 2 and
was used as a way of evaluating the deviation of the fitting results 3. A careful inspection of the FTs shows strong similarity
from the crystallographical values as previously discuds&te quality bétweenz and3 up to 4 A Beyond this poing is essentially

of the fits was determined by the goodness-of-fit parameRft$and L .
by careful inspection of the EXAFS residuals and their FTs. featureless whereashas a significant peak at4.6 A and its

The geometrical description of a four-body configuration is much EXAFS signal exhibits more features, especially in the higher
more complicated. For a generic four-body chain topolagyi,—j— k region (above 9 At).
k, whereo is the photoabsorber, the geometry is established by the  The individual EXAFS contributions required for a good fit
following six parameters: Ri, Ri—j, 0oi, Ri—«, 0ik, andy (the dihedral for 2 and 3 are given in Figures 4 and 5, respectively. Both
angle defining the spatial orientation of the three bonds). Thermal and first-shell fits required the contributions from the carbon atom
static disorder of the configuration is taken into account through 21 of the cyanide bridge, FeC(1), and from the five nitrogen
parameters belonging to a6 6 symmetric covariance matrix: three  5tyms of the porphyrin and pyridine ligands. The five nitrogen

bond variances, th_ree angle variances, and 15 qﬁ-dlagonal matrix atoms in 2 contributed to one SS FeN(1) signal with a
elements representing the correlations between pairs of bonds and/or

angles. Thus, atotal of 27 structural parameters is needed to fit afour-mumphc"{y O_f flve_. For 3, however, a bette_)r_flt was obtained
body configuration. However, for the two structures studied herein, when the axial n_'tmgen atom from the pyridine Was_treated as
the increase in the number of fitting parameters was actually much & Separate SS signal, +BI(1b), from the other four nitrogens
from the porphyrin, FeN(1a), as the FeN(1b) bond length
(28) Krause, M. O.; Oliver, J. HJ. Phys. Chem. Ref. Dati979 8,

329. (29) Stern, E. APhys. Re. B 1993 48, 9825.
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[(py)(OEP)Fe-CN-Cu(TIM)]**

(b)

Figure 1. Structures of [(py)(OEP)FeCN—Cu(Mestren)Ft (2, a) and [(py)(OEP)FeCN—Cu(TIM)]?" (3, b) drawn from crystallographic

coordinated;® key metric parameters are listed in Tables 1 and 2. The major difference between the two structures bearing significance in the

EXAFS signal is the bridge structufe being linear in2 vs bent in3.

is 0.1 A longer than the average FH(1a) bond length,

four-body MS pathway®, Fe—C(1)—N(3)—Cu, accounts for

according to the crystallographic values. This also resulted in 50% Figure 6a displays the relative strengths of the EXAFS

a different treatment of the 3-body MS contributions#1)—
C(2) for2 and3, i.e.one Fe-N(1)—C(2) with a multiplicity of
10 for 2, one Fe-N(1a)}-C(2a) with a multiplicity of 8, and
one Fe-N(1b)—C(2b) with a multiplicity of two for3. All the
first-shell signals as well as the outer-shell contributions from
the porphyrin and pyridine ligands fall in the range between
1.9 and 4.3 A. The final fit shows that they well accounted for
the FT features below4 A (Figure 3).

The major difference betweehand3 in the FT region of
4-5 A is attributed to the difference in the long-range

signals of the four components. It is evident that the linear
four-body interactiory™ is the main contributor to the intense
outer-shell feature. A fit without™ increases th& value from
0.411x 1078to0 1.17x 1078 (multiple-edge fit), almost a factor
of 3, and a high-frequency wave dominates in the EXAFS
residual (see Figure 2b).

A comparison of the relative strengths of the individual
components in the EXAFS df with those of the nitrogenase
MoFe proteif? provides additional insight. In that case, a long-
range interaction between Mo and Fe in the heteronuclear Mo

interactions between Fe and Cu, and the 4.6-A feature in the Fe—S cluster was observed at a distance of @/8ofi from the

FT of 2 can be well explained by a four-body FE—N—Cu

Mo K-edge data. It was found that this interaction originated

contribution. As seen in Figure 1, the four-atom bridge structure from the Mo—Fe(1)-Fe(2) three-body configuration with a

of 2 is essentially linear, with a FeC(1)—N(3) angle of 179
and a C(1)}N(3)—Cu angle of 174. This linear four-body

Mo—Fe(1)-Fe(2) angle of 152 and its EXAFS signal was
enhanced by two heavy atoms, the intervening and backscat-

configuration greatly enhances the long-range interaction throughtering Fe atoms. The fitting results showed-a:2 ratio of SS

the so-called focusing efféét%-3lwhich generates strong MS
effects. The calculations show that the four-body EXAFS signal
is quite strong and becomes more intense at highesich is
typical of a metat-metal interaction (Figure 4). The bridge
structure in3, on the other hand, is bent at the Cu end, with a
Fe—C(1)—N(3) angle of 179 and a C(1}N(3)—Cu angle of

vs MS contributions to the FT peak at4.8 A, indicating that
the strong signal from MeFe(1)-Fe(2) was more from a direct
interaction between Mo and Fe(2) than a MS interaction through
the three-body configuration. This is in sharp contrast to the
effects for the linear four-body system 2f

We have previously published the GNXAS fits of the data

147.3. This angular change in the bridge structure substantially for the linearly bridged [(OEP)re—O—Cu'(Megtren)|t vsthe

decreases the F&Cu MS contributions. Its EXAFS is so weak
that it does not contribute in a statistically meaningful fashion.
As a result, the Fe-Cu distance of 5.02 A known from the
crystal structure could not be fit to the data.

A breakdown of the 4.6-A peak idinto its four components
(Figure 3a, inset) gives an even more convincing illustration of
this MS mechanism. A simple calculation indicates that the
Fe--Cu two-body termy®@ accounts for 7% of the total
intensity, the two three-body MS term$), Fe---N(3)—Cu and
Fe—C(1)---Cu, account for 20% and 23%, respectively, and the

bent [([OEP)F# —(OH)—Cu' (Mestren)(OCIQ)]*+ assemblie$,
which demonstrated similar MS effects as a function of the
bridge angle. These MS effects, however, are relatively short-
ranged compared to that for the systems presented here; with
one oxygen bridging between Fe and Cu, the-Ea interaction

was in the range of 3:53.8 A. While the data for the oxo and
the cyanide-bridged complexdisplay amplitude enhancement
due to the linear configuration, the strong-Feu MS interaction

in 2 has been extended outt.0 A. On the other hand, unlike
the hydroxo complex whose F&®(H)—Cu EXAFS signal was

(30) Teo, B. K.J. Am. Chem. S0d.981, 103 3990.
(31) Co, M. S.; Hendrickson, W. A.; Hodgson, K. O.; Doniach,JS.
Am. Chem. Sod 983 105, 1144.

(32) Liu, H. L.; Filipponi, A.; Gavini, N.; Burgess, B. K.; Hedman, B.;
Di Cicco, A.; Natoli, C. R.; Hodgson, K. Ql. Am. Chem. S0d.994 116,
2418.
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% Figure 3. Non-phase-shift-corrected FTs of the experimentgl ¢s
X ] the fit signals (- -) of the Fe K-edge EXAFS for the following: (a)
- 7] [(py)(OEP)Fe-CN—Cu(Mestren)F* (2); (b) [(py)(OEP)Fe-CN—
L - Cu(TIM)]?* (3). The major difference between (a) and (b) is the 4.6-A
] feature in (a), which is attributed to the linear bridge structure Fe
16 C(1)-N(3)—Cu. Inset: Components of the 4.6-A FT feature. They
originate from the four contributing pathways of the-#k&—N—Cu
Figure 2. The experimental EXAFS data vs the fit signal ¢-+) of structure,y@, y®), y®, andy®. Note the overwhelmingly strong®
the Fe K-edge for the following: (a) [(py)(OEP)FEN—Cu(Mes- contribution (see text for discussion).
tren)P* (2), with the y® MS contribution; (b) [(py)(OEP)FeCN— , , i : ' '
Cu(Mestren)F" (2), without they® MS contribution; (c) [(py)(OEP)Fe ! ! ! ! ! !
CN—Cu(TIM)]?* (3). The fit residual is also shown below the total Fe.C(1)
signal. A high-frequency pattern in the residual is clearly seen in (b) L Fe-N(1) i
wheny®, the linear Fe-C(1)—N(3)—Cu four-body MS contribution,
is not included in the fit. (The ordinate scale is 2.5 between two
consecutive longer marks.) - E
- Fe-C(4)
N\SN\Neo—e——ee————
weak yet significant to the fit, the data for the bent structure of ¥ i Fe-C(11-N(3)
3, with a similar bridge angle around 150equired no Fe 21 NSV \NANAAA~ ]
C(1)-N(3)—Cu contribution to the fit. The long-range SS g Fe-N(1)-C(2)
Fe--Cu falls off fast as the distance becomes longer (&8 W i
5.0 A). N o Fe-C(1)-N(3)-Cu
In addition to the Fe C(1)—N(3)—Cu four-body contribution, ~V\/\/\/\/\/\/\/\/\/V\/\/
a succe_ssfl_JI fit also required a four-body contribution from the i Fe-N(1a)-C(2a)-C(3) |
porphyrin ligand, Fe-N(1a)}-C(2a)-C(3). Even though the
pathway is not linear, the signal is significant as a result of the N N I E S B
porphyrin-induced multiplicity of 8. However, this type of four- 4 6 8 10 12 14 16
body signal receives a different set of contributions from its k(A )

four components. While the linear four-body signal has a rigyre 4. Individual EXAFS contributions of Fe K-edge fits for [(py)-

dominanty® character and less than 109 character, the  (OEP)Fe-CN—Cu(Megren)P* (2). Each signal is an effective signal,

porphyrin four-body signal has a more even distribution among i.e. y® andy® combined for a three-body configuration ap@, y®),

y@, y@) andy® (Figure 6b). This clearly demonstrates the y®, andy® combined for a four-body configuration. (The ordinate

mechanism by which the two types of four-body configurations scale is 8 between two consecutive longer marks.)

contribute to the total EXAFS for these complex systems. environment while8 has a nearly square pyramidal coordination.
Cu K-Edge Analysis of [(py)(OEP)Fe-CN—Cu(Megtren)]2* The comparison bearing significance in the EXAFS, however,

(2) and [(py)(OEP)Fe-CN—Cu(TIM)] 2+ (3). The Cu frag- comes from the bridge structute Crystallographic data show

ments of the two structures are markedly different. Both have that the Ct-N(3)—C(1) angle decreases from T 147 and

a five-coordinate Cu, buR is in a trigonal bipyramidal the Cu-N(3) bond length increases from 1.90 to 2.17 A upon
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Figure 6. Relative Fe K-edge EXAFS strengths of the four contributing
pathways in a four-body configuration for (a) the linear bridge-Fe
C(1)—N(3)—Cu structure and (b) the F&N(1a)-C(2a)-C(3) structure

in the porphyrin of2. While the four contributions in (b) are relatively
equal in strengthy® is the major contributor in (a). (The ordinate
scale is 10 between two consecutive longer marks.)

passing from2 to 3. The changes in both the angle and the
bond length result in drastic changes in the EXAFS and its FT,
as observed in Figures 7 and 8.

As seen from the individual contributions shown in Figures
9 and 10, the shorter CtN(3) bond length in2 generates
stronger SS signals than the corresponding of®e iAs a result,
the Cu-N(3) signal in2 with a multiplicity of one has almost
the same intensity as the €EM(2b) signal having a multiplicity

J. Am. Chem. Soc., Vol. 119, No. 10, 1995
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Figure 7. The experimental EXAFS data- vs the fit signal ¢--) of

the Cu K-edge for the following: (a) [(py)(OEP)FEN—Cu(Me;:-
tren)P™ (2), with the y® MS contribution; (b) [(py)(OEP)FeCN—
Cu(Mestren)F* (2), without they™® MS contribution; (c) [(py)(OEP)Fe
CN—Cu(TIM)]?* (3). The fit residual is also shown below the total
signal. (The ordinate scale is 2.5 between two consecutive longer
marks.)

magnitude below~3.2 A (Figure 8a). FoB, the intensity of
the two first-shell signals follows the general rule in that the
Cu—N(2) signal with a multiplicity of four is stronger than the
singular Cu-N(3) signal (Figure 10). The overwhelmingly
strong Cu-N(2) signal essentially dictates the position and the
magnitude of the first-shell FT peak.

As with the Fe K-edge data, the change in the bridge angle
at the Cu end brings about the most significant difference
between2 and3. The strong Ct-Fe MS interaction through
the linear configuration in2 contributes significantly to a
distinctive FT peak at-4.6 A (Figure 8a). The unusually small
magnitude of the first-shell peak makes this outer-shell feature
appear even more dramatic. A fit excluding the-aQN(3)—
C(1)-Fey@ signal resulted in a clear high-frequency oscillation
in the residual (see Figure 7b). It should be noted that in some
cases where the fit does not include a major EXAFS contribu-
tion, this can lead to a change in the background subtracted

of three. The same effect can also be seen in the SS signaEXAFS data (as the spline is varied in the refinement) and hence

from the relatively short CtN(2a) bond. Because there is no
dominant first-shell signal i2 and the three first-shell signals

a small difference in appearance from fit-to-fit. Such is the
case when comparing the data and fits shown in Figures 7a

interfere with each other destructively (as evidenced by the and 7b where the major contribution of the 4-body signal was

unusual EXAFS oscillation at lowin the total EXAFS, Figure
7), the first-shell FT peaks are not well resolved and overlap

omitted in Figure 7b. The metrical results for both fits were
quite similar, in both cases agreeing well with the crystal-

with the second-shell peak, resulting in broad FT peaks of small lographic values. However, there was significant change (up
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Cu(TIM)]?* (3). As for the Fe K-edge data, the 4.6-A feature in (a),
due to the linear bridge structure F€—N—Cu, is remarkably strong.
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Figure 9. Individual EXAFS contributions of Cu K-edge fits for [(py)-
(OEP)Fe-CN—Cu(Mestren)P* (2). Each signal is an effective signal,
i.e. y@ andy® combined for a three-body configuration api@, y©),
y®, andy® combined for a four-body configuration. (The ordinate
scale is 8 between two consecutive longer marks.)

to 2-fold) in some of the bond/angle variances as the fit
attempted to compensate for the loss of this strong signal.
With the strong four-body MS contribution absent in its FT,
the signal in3 that is worth noting is the four-body contribution
from Cu—N(2)—C(5)—C(7), which accounts for the outer-shell
FT peak at 3.8 A (Figure 8b). As at the Fe K-edge for the
rigid porphyrin ligand, the regularity of the Cu fragment3n
produces a CuN(2)—C(5)—C(7) signal with a multiplicity of
four; therefore, it is a significant contributor to the total EXAFS.
Among the four components of the four-body configuration,
y® amounts to 29% of the total intensity. Various fits showed

Zhang et al.
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Figure 10. Individual EXAFS contributions of Cu K-edge fits for [(py)-
(OEP)Fe-CN—Cu(TIM)]?* (3). Each signal is an effective signak.
y®@ andy® combined for a three-body configuration ayi@, y©), y©),
and y™ combined for a four-body configuration. (The ordinate scale
is 8 between two consecutive longer marks.)
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that only when this pathway is modeled as a four-body
configuration can the 3.8-A feature be successfully fit and an
accurate determination of the distances and angles be obtained.

On the other hand, the structure of the Cu fragmer® is
less ordered than that 81and a large spread in the bond lengths
is observed. Therefore, MS contributions are not necessary for
a good fit, and some of the distances are less accurately
determined when compared to the crystallographic values.

An interesting comparison between the Cu K-edge data for
2 and3is the Cu-N(3)—C(1) signal (Figures 9 and 10), which
demonstrates again the angle dependence of the MS effects,
even though C is a much weaker backscatterer than Fe in the
three-body Cu-O/OH—Fe signalg. The amplitude enhance-
ment of the EXAFS signal from a bent €N(3)—C(1)
configuration (147.3 to the nearly linear structure (174is
quite evident. The bent CuN(3)—C(1) signal is so weak
(Figure 10) that a fit without it did not significantly change the
other fitting results.

Overall Results and Statistical Determination of the
Bridge Structure. The results from the Fe and Cu K-edge fits
show that good agreements with the crystallographic values can
be obtained for the data of such complex system2 asd 3
(Tables 1 and 2). The Fe fragment is especially complicated;
the porphyrin and the pyridine ligands contribute many MS
pathways. This makes it impossible (as limited by the dimen-
sion of the program and restricted by the number of independent
points in the spectra) to include all the necessary signals in the
fit, and some of these signals can be strongly correlated with
each other. As a result, some of the distances were not well
determined. The distances of FH(3) (for both2 and3) and
Fe—C(1) (for 3) were consistently refined to shorter values than
observed crystallographically. However, the refined-#&u
distance of the linear bridge structureofvas remarkably stable,
varying less than 0.01 A over all reasonable fits and giving
excellent agreement with the crystallographic value. Overall,
the final fit results show that the average deviation from the
crystallographic data is 0.03 A for all distances and 308 all
angles determined.

In order to better establish error limits on the bridge
parameters, we have applied a statistical analysis methodol-
0gy?*?27 using two-dimensional contour plots to selected pa-
rameters from the multiple-edge fit result f&r This analysis
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Table 1. Comparison of Selected GNXAS Fit Resaltgith
Crystallographic Values for [(py)(OEP)FEN—Cu(Mestren)E (2)

structural featurex

crystallographic GNXAS distance/angle

multiplicity av valué (bond/angle variance)

Fe—C(1) x 1 1.90 A 1.89 A (0.001)
Fe—N(1) x 5 2.01A 2.00 A (0.003)
Fe--C(2) x 10 3.02A 3.03 A (0.004)
Fe--N(3) x 1 3.06 A 3.01 A (0.003)
Fe--C(4)x 4 3.40A 3.44 A (0.008)
Fe--C(3)x 8 4.26 A 4.30 A (0.005)
Cu—N(3) x 1 1.90 A 1.93 A (0.001)
Cu—N(2a) x 1 1.99A 1.99 A (0.005)
Cu—N(2b) x 3 2.14A 2.16 A (0.006)
Cu--C(5) x 6 2.81A 2.89 A (0.009)
Cu---C(8) x 6 3.01A 3.06 A (0.008)
Cu-C(1)x 1 3.02A 3.05 A (0.003)
Fe--Cux 1 4.94 A 4.94 A (0.004)
Fe—C(1)-N(3) x 1 179 18C° (3 x 10%

Cu—N(3)—-C(1) x 1 174 18C° (4 x 10°)

Fe—N(1)—C(2) x 10 125.8 125.9 (6 x 10P)
Cu—N(2b)—C(6) x 6 112.8 117.2 (7 x 10°)

aThe results shown here are from the multiple-edge ffisverage

values of two inequivalent molecules; ref@ond and angle variances

are reported in Aand deg, respectively.

Table 2. Comparison of Selected GNXAS Fit Results with
Crystallographic Values for [(py)(OEP)FEN—Cu(TIM)]?* (3)

structural feature«

crystallographic GNXAS distance/angle

multiplicity av valué (bond/angle variance)
Fe-C(1) x 1 1.91 A 1.84 A (0.002)
Fe—N(1a) x 4 1.97 A 1.97 A (0.003)
Fe—N(1b) x 1 2.07A 2.03 A (0.0008)
Fe--C(2a)x 8 3.00A 3.00 A (0.005)
Fe--C(2b)x 2 2.99 A 2.93 A (0.01)
Fe--N(3) x 1 3.06 A 2.94 A (0.005)
Fe--C(4)x 4 3.37A 3.40 A (0.006)
Fe--C(3)x 8 423 A 4.28 A (0.005)
Cu-N(3) x 1 2.17A 2.14 A (0.001)
Cu—N(2) x 4 1.97A 1.98 A (0.002)
Cu---C(5) x 4 2.76 A 2.76 A (0.003)
Cu--C(6) x 4 3.03A 3.07 A (0.003)
Cu---C(1) x 1 3.20A 3.20 A (0.009)
Cu-+C(8) x 2 3.21A 3.22 A (0.01)
CuC(7)x 4 4.23 A 4.24 A (0.004)
Fe--Cux 1 5.02 A -
Fe—C(1)-N(3) x 1 179 180 (4 x 10Y
Cu—N(3)-C(1) x 1 147.3 153.7 (5 x 109
Fe—N(la)}-C(2a)x 8 126.9 125.7 (1 x 109
Fe—N(1b)—C(2b) x 2 120.3 116.5 (3 x 109
Cu—N(2)—C(5) x 4 114.9 117.3 (3 x 10P)
Cu—N(2)—C(6) x 4 122.5 126.7 (2 x 10°)

aReference 9° Bond and angle variances are reported hahd

ded, respectively.
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Figure 11. Two-dimensional contour plots for the bridge parameters
in the multiple-edge EXAFS fits foR: (a) Ree-c(1) S Reu-ney (D)
Rc@y-n@) S Rew-n@). The innermost contour in (a) and the second
innermost in (b) correspond to the 95% confidence interval from which
the statistical errors are determined.

is also seen betweencR)-ne) and Re-cq) (plot not shown).
From the plot, the cyanide bond distancgiRn) is determined
to be 1.12+ 0.02 A,

Angle Dependence of Theoretical Four-Body SignalsThe
angular sensitivity of a MS signal for a three-body configuration
has been reported,and it was shown that MS effects become
significant at angles above 150 From the series of the
molecular assemblies we have synthesized that contain the Fe
C—N-—Cu bridge units, all of them have a virtually linear+e
C—N fragment, but variations occur with the EM—C angle,
from nearly linear to as small as 14% Thus, we performed

examines correlations among fitting parameters and evaluatesa parallel study of the angular dependence of four-body MS
statistical errors in the determination of the bridge structure, effects on the Ca#N—C angle. This was done by calculating
which will be very useful in cases where the crystallographic a series of theoretical four-body EXAFS signals with a varied
data are not available. The approach is described in more detailCu—N—C angle from 140to 18C in increments of 12 All
in ref 4, but in essence parameters with highest correlation other parameters were fixed at the crystallographic values of
dominate in the contribution to the error estimate. The results individual complexe$. The calculated EXAFS signals were
of 2 are used to illustrate the method because the multiple-edgethen converted to their corresponding FTs for most effective
fitting results included the complete set of bridge parameters. visual presentation of the results. Figure 12 shows the relative
Figure 11a shows the correlation between the two bond FT magnitude ofy® as a function of the CuN—C angle. A
lengths, Fe-C(1) and Cu-N(3). The inner-most contour refers  clear trend of increasing FT magnitude as the angle becomes
to the 95% error confidence interval. The statistical errors of bigger is observed. The FT magnitudes for the signals with an
the two calculated bond distances can be inferred from the plot, angle of 180 and 170 are relatively close and considerably
which are determined to b&0.02 A for both of them. The larger than that for an angle of 1§0whose signal has only
tilted ellipse indicates that the pair is negatively correlated.  about one third of the magnitude of the 28&ignal. The MS
Figure 11b shows the contour plot for the bond lengths of effects from a Cu-N—C angle of 150 and 140 are even
RC(l)fN(S). vS Reun: A strong_ statistical Correlatlo.n b.etween (83) This angle is found in a trinuclear complex having the bridge unit
the two is observed, suggesting that the determination of the pgil _cn—cul=NC—Fé! ¢ it is currently the lower limit in any bridge
two distances has large effects on each other. This correlationcontainingl regardless of the nuclearity of the complex.
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Figure 12. FT magnitudes showing the angular dependence of the
EXAFS signal from the FeC—N—Cu configuration as a function of
the Cu-N—C angle. The significant increase in the FT magnitude for

the Cu-N—C angle greater than 16@s evident. (The ordinate scale
is arbitrary to show the relative magnitude.)

smaller; their FT magnitudes are only a small fraction of that
for 18C°. In fact, they™ signal at 140 is so weak that it has
only half of the strength as that of its correspondjg, which

Zhang et al.

strong long-range FeCu interaction has been observed2n
which has a linear four-body bridge. The GNXAS analysis of
the Fe and Cu K-edge data of this complex shows that this long-
range interaction can be attributed to strong MS effects in the
linear bridge, which contributes’50% of the intensity of the

FT peak at 4.6 A. On the other hand, no-F2u interaction
can be detected f@3 as a result of a bent structure at the Cu
end of the bridge.

Theoretical calculations for a four-body FE—N—Cu MS
pathway with a varied CaN—C angle show that MS effects
are sensitive to this angle. A large enhancement of MS intensity
occurs for a linear or nearly linear four-body configuration
(Figure 12). Any MS effects generated by a configuration with
an angle below about 18@lo not contribute significantly to
the total EXAFS and, therefore, can be ignoretihe angle
dependence of MS effects in a four-body configuration demon-
strates that it is possible to differentiate a linear and a bent
four-body geometry in the outer range of FTA. long-range
interaction out to~5 A may indicate a linear four-body
arrangement. With these experimental and theoretical results,
we are in a position to meaningfully examine XAS spectra of
cyanide-inhibited hemecopper oxidases. Together with other
spectroscopic approaches, we seek, as noted at the outset, to
provide a description at a molecular level of detail of cyanide
toxicity.

remains relatively the same independent of the angle. Because

their contributions to the FT are minimal, a signal corresponding
to a configuration with an angle less thai6C’ can be ignored
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