
may be normal modes that have decay t~mes suffl- 
c~ently long that the modes reta~n some level of ds-  
equbr~um even for the tme scale of TPW consdered 
here [hence, p(t) would not have relaxed to p,j We 
have found that the dominant, normal-mode contrl- 
but~on arlses from the so-called M I  mode. The M I  
mode arlses from a deflect~on of the denslty dscontl- 
nu~ty at a depth of 660 km between the upper and lower 
mantle. Thus, exc~tatlon of the mode requlres that the 
dlscont~nu~ty behaves nonad~abat~cally (that IS, effec- 
t~vely as a chemca boundary) on the t~me scales we are 
cons~derng If ths 1s not the case then the mode would 
not be exc~ted and the MI  contr~but~on would van~sh As 
an example the peak -54 m s~gnal In Fig 4 (curve A) 
has a contr~but~on of -43 m from the elastic l~thosphere 
and -1 1 m from the M I  mode. 

28. We defne rotat~onal coat~tude as the angular d~s -  
tance of a ste from the instantaneous north pole of 
rotation. 

29, ln.ihe selsmlc strat~graphic analys~s of short-term 
(thrd-order cycles and h~gher) sea-level change (2, 
4). North American and European s~tes domlnate 

(Fig. 3C). The relative prox~mlty of these stes sug- 
gests that they w~ll experience s~m~lar TPW-~nduced 
sea-eve trends. Thus, as has been suggested (74) 
~t 1s unclear to what extent eustat~c versus (TPW- 
induced) quadrant-localzed s~gnals contrbute to the 
mean third-order sea-level trends. 

30. See for example, B. H. Hager, J. Geophys. Res. 89, 
6003 (1984); M. A. R~chard and B. H. Hager, ibid.. p. 
5987; M. Nakada and K. Lambeck, Geophys. J. int. 
96, 497 (1 989); Y. R~card and B. Wumng, bid. 105, 
561 (19911, J. X. M~trov~ca, J. Geophys. Res. 101, 
555 ( I  996); A M. Forte and J. X. Mltrovca. Geophys. 
Res. Lett. 23, 1147 (1 996). 

31. The sens~t~v~ty to LT apparent In Fg. 5A follows from 
the arguments In (27). Furthermore, we have found 
that the contrlbuton of the M I  mode to the sea-eve1 
s~gnal (27) is sens~tve to varatlons n upper mantle 
v~scoslty, and less sensltlve to varlat~ons In lower 
mantle v~scosty, for th~s range of Earth models; ths 
explans the results In Fig. 5. B and C. 

32 T. H. Jordan. Rev. Geophys. 13, 1 (1975); S. P. 
Grand. J. Geophys. Res. 92, 14065 (1987): A. M. 

Forte, A. M. Dz~ewonsk, R. J. O'ConnelI, Science 
268, 386 (1 995). 

33 B. M. Stelnberger and R. J. O'Connell, Nature 387. 
169 (1 997). 

34. Our sea-eve1 predctons Include the d~rect grav~ta- 
tonal attraction and the oad~ng effect of sea-eve1 
varatons (22) The spatla geometry of these effects 
depends on the dstr~buton of oceans, and therefore 
the sea-level trends we pred~ct are more compl~cat- 
ed than the smple llustrat~ons In Fig. 3 mply. 
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Catalytic Galactose Oxidase Models: interesting feature of this structure is a 
covalent thioether bond formed between a 

Biomimetic Cu(l I)-Phenoxyl-Radical Reactivity cysteine s~11fur and an aromatic car- 

Yadong Wang, Jennifer L. DuBois, Britt Hedman,* 
Keith 0. Hodgson," T. D. P. Stack* 

Biomimetic functional models of the mononuclear copper enzyme galactose oxidase are 
presented 'that catalytically oxidize benzylic and allylic alcohols to aldehydes with 0, 
under mild conditions. The mechanistic fidelity between the models and the natural 
system is pronounced. Modest structural mimicry proves sufficient to transfer an unusual 
ligand-based radical mechanism, previously unprecedented outside the protein matrix, 
to a simple chemical system. 

A n  important goal of bioinorganic chemis- 
try is the development of small inorganic 
complexes that not only reproduce structural 
and spectroscopic features, but also function 
in a manner similar to their natural counter- 
parts. Despite much effort, faithful examples 
of catalytically functional models are rare, 
especially when O2 is used as the oxidant 
(1 ) .  Presented here is a family of functional 
models of galactose oxidase (GOase) that 
catalytically oxidize benzylic and allylic 
alcohols to aldehydes with O2  under mild 
conditions. The structural design of the 
models follows directly from the structure 
of the active site of the enzyme, and the 
ligand-based radical mechanism elucidat- 
ed here parallels that proposed for the 
native system. Considering that a chemi- 
cal precedent for this radical-based reac- 

Y. Wang J. L. DuBo~s, T D. P. Stack, Department of 
Chemstry, Stanford Un~vers~ty, Stanford, CA 

tion outside a protein matrix has been 
lacking, the structural, spectroscopic, and 
mechanistic fidelity of these model com- 
plexes relative to the native system is 
striking. 

GOase (2, 3), a mononuclear copper 
enzyme, couples the oxidation of alcohols 
to aldehydes with the reduction of O2 to 
H 2 0 2  (Eq. 1) through an unusual Cu(I1) 
phenoxyl-radical active species (2 ,  4). De- 
spite the importance of this organic trans- 
formation, there are few highly efficient, 
environmentally benign synthetic catalysts 
(5). The development of catalytically func- 
tional GOase models (6)  allows this radical 
mechanism ( 2 )  to be probed tnore readily 
and also may lead to efficient catalysts. 

bon of the equatorial phenolate ligand. It 
is this modified phenolate ligand that is 
thought to be oxidized to a radical, result- 
ing in an electron paramagnetic resonance 
1EPR)-silent active form of the enzvme 
(7).  The synthetic complexes repo;ted 
here (Fig. 1B) possess a nSP Cu(I1) N 2 0 2  
coordination geometry and appropriately 
positioned thioether substituents on the 
phenolate moieties (for BSI and BSP) (8). 
The x-ray crystal structure of one cupric 
complex, [Cu(II)BSI], confirms a nSP tet- 
radentate ligation (Fig. I C )  (91, and EPR 
spectra of these Cu(I1) complexes support 
a nSP geometry in solution as their gi 1 
values are significantly larger than those 
of the related square-planar Cu(I1) corn- 
nlexes 110). ~, 

These colnplexes have spectroscopic 
characteristics similar to those of GOase. 
With respect to reactivity, the most impor- 
tant is the formation of a room-temperature 
(RT) stable, EPR-silent species upon one- 
electron (1 e-) oxidation of each Cu(I1) 
complex (1 1). We recently reported that 
0.p-substitution of the phenolate ring in 
these Cu complexes is critical to stabilizing 
their oxidized EPR-silent form 18). Oxida- ~, 

tion of the Cu(I1) complexes requires a 
strong oxidant, because their potentials range 
from $0.80 to + 1.1 V (versus a standard 
calomel electrode) (12). In this process, the 
ligand L, not the metal, is oxidized (Eq. 2); 
the copper center remains Cu(II), as estab- 
lished bv the similarity in energy of features 

94305-5080, USA. The crystal structure of GOase shows that in Cu K-edge x-ray absorption spectra (XAS) 
B. Hedman, Stanford Synchrotron Radaton Laboratory, 
Stanford Unvers~ty, Stanford. CA 94309, USA. the protein provides four ligands for the for [Cu(II)BDB] and its 1 e- oxidized form- 
K. 0. Hodgson, Department of Chem~stry, Stanford U ~ I -  Cu(1I) arranged in an unusual non-square- in ~articular, the 1s + 3d  re-edge features at 
verslty, Stanford, CA 94305-5080, and Stanford Syn- planar (nSP) coordination (Fig. 1A) (7): 8979 eV (Fig. 2) ( 1  3-15). 
chrotron Radiation Laboratory Stanford Unvers~ty, Stan- 
ford. CA 94309, USA. two tyrosine phenolates and two histidine 
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imidazoles. A fifth exogenous H 2 0  ligand [Cu1IL1 + NO-(BF4)-.+ 
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However, the anticipated phenoxyl- 
radical absorption feature at -400 nm is 
obscured by intense Schiff-base ligand ah- 
sorption bands (8). Localization of the 
radical on a phenolate ring rather than the 
binaphthyl backbone is inferred from EPR 
parameters of the analogous, 1 e- oxidized 
Zn(I1) complexes, [Zn(II)L]+' (S = 112); 
the g values of [Zn(II)LIi' complexes vary 
consistently with those of the isolated 
phenoxyl-radical fragments (1  6 ,  17). 

An optical titration of the oxidized com- 
plex [Cu(lI)BSPIt' indicates a 1:1 anion 
affinity with methoxide (MeO-), suggesting 
the formation of a five-coordinate complex, 
[Cu(II)BSP(OMe)]'. Pentadentate coordina- 
tion of the Cu(I1) center is supported by 
XAS data for the [Cu(II)BDB(OMe)]' and 
[Cu(II)BDB(BF4)]' species (Fig. 3). A five- 

B 
Enforces a 

non-square planar 
coordination 

geometry 

Stabilizes the phenoxyl radical 

Fig. 1. (A) Copper active site of GOase at pH 7.0 
(7). (B) Complex nomenclature, labeling, and 
structure. For [Cu(ll)BSP], R, is SPh and R, IS But; 
for [Cu(ll)BSI], R, is SPrl and R, is But; for [Cull- 
BDB], both R, and R, are But; for [Cul1BBR], both 
R, and R, are Br. (C) ORTEP representation (50% 
thermal ellipsoids) of the x-ray crystal structure of 
[Cu(ll)BSI]. Selected distances (in angstroms) are 
as follows: Cu to 0-1, 1.900; Cu to 0-2,  1.894; Cu 
to N- I ,  1.959; Cu to N-2, 1.982; d~hedral angle 
between two planes defined by (Cu, N-1 ,0-1)  and 
(CU, N-2, 0-2), 30". 

coordinate geometry is indicated for [CLI- 
(II)BDB(BF4)Ie by the similarity of the ab- 
sorption edge shape relative to those of crys- 
tallographically characterized five-coordi- 
nate Cu(I1) complexes (13, 18), and the 
extended x-ray absorption fine-structure 
(EXAFS) analysis show? that a fluoride of 
BF4- is bound at 2.67 A in addition to the 
N,O, atoms of the ligand (19). A compari- 
son of the four N/O ligating distances in [CLI- 
(II)BDB] and [Cu(II)BDB(BF4)]' shows that 
the average Cu-O(N) bond distances in- 
crease only slightly upon oxidation, similar 
to the changes observed for GOase (20) and 
other small metal complexes with an at- 
tached phenoxyl radical (21).  A more dra- 
matic rearrangement of the BDB ligand oc- 
curs by ligation of MeO-, a significantly 
stronger ligand than BF4-. The structure of 
this methoxide complex should be similar to 
the substrate-bound intermediate in the pro- 
posed catalytic cycle (see below). Pentaden- 
tate coordination is consistent with both the 
XAS edge shape and the EXAFS model. The 
equatorial ligands are likely ;he two O(N) at 
a short distance of 1.93 A (possibly one 
MeO- and one phenolate) and t b  two 
N(O) at an average distance of 2.12 A. The 
limited ligand flexibility would require the 
remaining phenolate to be bound in an axi;l 
position, consistent with the long 2.54 A 
CLI-O(N) distance observed. 

8975 8985 8995 9005 
Energy (eV) 

With phenylmethoxide (PhCH20-)  li- 
gated, the complex converts stoichiometri- 
cally at RT to benzaldehyde and a Cu(1) 
complex under anaerobic conditions (8). 
Under 1 atm of 0 2 ,  neat benzylic and allylic 
alcohols are catalytically converted to their 
respective aldehydes or ketones (Table 1). 
The reaction requires only a catalytic 
amount of base (22), runs at RT, and can 
achieve >I000 turnovers (23). Further ox- 
idation of the aldehyde products is not ob- 
served. The catalytic reaction also occurs, 
although much less efficiently, in acetoni- 
trile solutions (Table 1). 

A mechanistic scheme for this reaction 
is proposed (Fig. 4)  from studies with the 
most efficient catalyst and substrate, 
[CuBSP] and benzyl alcohol (PhCH,OH), 
respectively. The catalytic reaction may 
be started with the catalyst in three dif- 
ferent forms (Table 1 and Fig. 5): the 
aerobically isolated form {[Cu(II)BSP]], 
the preoxidized form {[Cu(II)BSP(BF4)]'], 

Fig. 2. The Cu K-edge XAS of [Cu(ll)BDB], [Cu- R' (A) 
(II)BDB(BF,)]', and [Cu(ll)BDB(OMe)]', Inset ampli- Fig. 3. Fourier transforms of the EXAFS spectra 
fies the pre-edge features ( Is  -. 3d transition) at (solid line) of [Cu(ll)BDB], [Cu(ll)BDB-(BF,)]', and 
-8979 eV, indicative of a Cu(ll) in all three corn- [Cu(ll)BDB(OMe)]' along with theoretical fits (dot- 
plexes (14). ted line) (15) and metrical-fit results for the models. 

Table 1. Turnovers achieved for reactions at 1 atm of 0, and 295 K after 20 hours 

Neat substrate* Acetonitrile solution (1.5 M) 

Catalyst 
Benzyl I -Phenyl Benzyl I -Phenyl Cinnamyl 

alcohol? ethanoit alcohol§ ethanol11 alcoholl~ 

'No reactivity was achieved for I-octanol or cyclohexanol as neat substrates with [Cu(ll)BSP] or [Cu(ll) BDB], 
t0.01% catalyst and 2% base. $0.05% catalyst and 0.3% base. §0,005% catalyst and 0 2 %  
base. 110.05% catalyst and 0,5% base. ¶For 0.06% catalyst and 1.2% base, turnovers are 300 for [Cu()BSP] 
and 50 for [Cu(I)BDB]. For base, see (22). 
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and the  prereduced form {[Cu(I)BSP]-1. 
Under  identical reactlon conditions, all 
three forms generate a n  approximately 
equal number of turnovers. However, t he  
initial reaction rate is significantly slower 
for [Cu(II)BSP] t h a n  for the  other  two 
forms (Fig. 5 ) .  Initially, t h e  most reactive 
form is [Cu(II)BSP(BF,)]', and optical ti- 
trations indicate tha t  ligand exchange of 
BF4- by alkoxide is rapid. Thus, [Cu(II)BSP 
(OCH2Ph)] '  is a kinetically competent inter- 
mediate for all three forms of the catalyst 
(Fig. 4) .  Under pseudo-first order conditions 
of excess substrate P h C H , O  and PhCD, 
0 - ,  a c;ompetitive kinetic-isotope effect 
(KIE) of 5.3 is found when the reaction is 
started with [Cu(II)BSP]. This result strong- 
ly implicates that cleavage of the benzylic 
CU-H bond is involved in the rate-determin- 
ing step (RDS) of the catalytic cycle. A 
similar KIE value of 7.7 is found for GOase 
(24). Given the  radical character of the  phe- 
noxyl 0 atom and its proximity to the  ben- 
zylic H atoms of the  substrate (Fig. 4 ) ,  a 
H-atom abstraction mechanism is reason- 
able. Slight variations of the  reaction rate 
with various p-substituted benzylic alcohols 
give a Hammett p value of -0.14 (17),  
consistent with this mechanism. T h e  lack of 
observed reactivity of primary and secondary 
alkyl alcohols a t  R T  with these catalysts 
(Table 1)  is consistent with their greater 
Ca-H bond strengths compared with hen- 
zylic or allylic alcohols (>7  kcal/mol) (25). 
Similar reactivity trends are found for 
GOase, which oxidizes primary alkyl alco- 
hols a t  rates >lo3 times slower than benzylic 
substrates (26). 

T h e  similar initial reaction rates of [Cu 
(II)BSP(BF,)]' and [Cu(I)BSP]- in  conjunc- 
tion with the O2 sensitivity of [Cu(I)BSPIp 

[CU~BSP] Po 
EPR active 

Fig. 4. Proposed catalfl~c cycle for model com- 
plex [CuBSP] 

suggest that 0, oxidizes [Cu(I)BSP]- by 2 
e- to form a hydroperoxide species, [Cu- 
(1I)BSP (OOH)]'  . This species subsequently 
undergoes facile ligand exchange of the per- 
oxide with P h C H 2 0 -  to generate the active 
form [Cu(II)BSP(OCH,Ph)]' (27).  Given 
the greater acidity o f - H , 0 2  relative to 
PhCH,OH (28),  the final equilibrium step 
of the  cycle will be favorable only under low 
H,O, or high alkoxide conce~ltrations, or 
both. Indeed, added H2O2 inhibits this cat- 
alytic reaction (29),  and higher alkoxide 
concentrations enhance the initial reaction 
rates. 

Although spectroscopic evidence for 
[Cu(II)BSP(OOH)]' is currently lacking, its 
presence is inferred from the measured 1 : 1 
ratio of 0, uptake to aldehyde product at 
early stages of the  reaction (17, 30). Addi- 
tional evidence for this 2 e- oxidation of 
[ C u ( I ) B S P ]  by 0, is provided by the EPR 
silence of the major reaction product 
(-90%) that results from injection of 
(Bu,N)[Cu(I)BSP] (1 7) into a saturated 0, 
solution ( 3  1 ); only - 10% is converted to a n  
EPR-active Cu(I1) complex. This 2 e- oxi- 
dation is unexpected, as the aerobically sta- 
ble form is [Cu(II)BSP]. However, the inter- 
mediacy of the aerobically isolated form, 
[Cu(II)BSP], in this reaction is excluded by 
its significantly slower initial catalytic reac- 
tivity relative to [Cu(I)BSP]- (Fig. 5). 

A final issue concerns the slow initial 
catalytic reactivity of [Cu(II)BSP]. T h e  cat- 
alytic reactivity correlates with a loss of 
Cu(I1) EPR intensity, suggesting the 1 e- 
oxidized complex as the active form. Oxi- 
dization of [Cu(II)BSP] by O2 does not occur 
in alcoholic media as assessed by Cu(I1) EPR 
spectroscopy. However, the addition of 
alkoxide and 0, does result in a slight dim- 
inution of the EPR intensity after 30 min 
(-5%). T h e  equilibrium constant of MeO- 
binding to [Cu(II)BSP] to form [Cu(II) 
B S P ( O M e ) ]  is small, as indicated by optical 
titrations. However, the binding of MeO- 

" - 
0 500 1000 1500 2000 

Time (min) 

Fig. 5. Comparison of reaction rate w~th d~fferent 
start~ng catalysts. Open c~rcles, [Cu(ll)BSP]"; 
crosses, [Cu(l)BSP]-; open squares, [Cu(ll)BSP]. 
Benzy alcohol with (v/v) 15% CH,CI,, 10% 
MeCN, 0.01 % catalyst, 0.2% base, 1 atm of 0, at 
RT. 

significantlv attenuates the oxidation Doten- 
tial of the iesulting complex, maklngLit po- 
tentiallv susceutible to oxidation hv 0 , .  A n  
estimate of this potential is obtaiAedLfrom 
the  irreversible reduction eotential of ICu- 
(II)BSP(OMe)]' (-0.00 v\, which ma;. be 
indeeendently svnthesized. T h e  slow initial , , 

catalytic reactivity observed using [CLI- 
(II)BSP] (Fig. 5)  is consistent with its slow 
conversion to [Cu(II)BSP]-'. 

T h e  transfer of the chemical reactivity of 
an  enzyme into a simple chemical system 
requires preclusion of deleterious, bimolecu- 
lar side reactions that the native system 
avoids by isolating the  active site in a protein 
matrix; in this particular case, conlplete o,p- 
substitution of the phenolate rings is neces- 
sary, which likely prevents ligand-radical 
coupling (8).  These modifications result in 
complexes that exhibit oxidase reactivity 
strikingly similar to GOase (2 ,  32).  In  both 
cases, the proposed active form is a five- 
coordinate, Cu(I1) phenoxyl-radical species 
with alkoxide substrate bound, the RDS in- 
volves C a - H  bond scission of'the substrate, 
0, is used as a 2 e- oxidant, and one eauiv- 
a l in t  each of H,0, and aldehyde are ire- 
duced in each cvcle. Additionally, the reac- 
tion is inhibitted by H,O, (29, 33).  

These similarities likely result from inte- 
gration of key structural attributes of the 
active site of GOase into the synthetic com- 
plexes. T h e  enforced nSP coordination ge- 
ometry, although not preferred by a Cu(I1) 
ion, is sufficient to form a stable four-coor- 
dinate Cu(I1) complex. Oxidation by 1 e- 
vields a cationic comulex that. not unex- 
pectedly, binds a n  additional exogenous an- 
ionic ligand (substrate). T h e  flexibility of 
these ligands to accommodate both five- and 
four-coordinate geometries without the  in- 

'3 

terrnediacy of a square-planar complex is 
potentially important for stabilization of the  
active form (34). This ligand flexibility is 
also potentially important in the facile oxi- 
dation of a Cu(1) complex directly to 
[Cu(II)LIt' by 0, rather than to two equiv- 
alents of [Cu(II)L]. This biomimetic success 
alone with the recent wealth of new struc- 

'3 

tural information o n  metalloproteills prom- 
ises that other unusual bioloeical catalvtic 
reactivities may be transferred to s k i l l  
chemical svstems. 
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[dppe = l,2-bis(diphenylphosphino)ethane], 
prepared by our group in 1969 (3)—have 
shown that the ligating N2 can be trans
formed into NH 3 or hydrazine by treat
ment with inorganic acids such as H 2 S0 4 

and HC1 (4). A detailed mechanism for 
the formation of nitrogen hydrides has 
been proposed on the basis of the reactiv
ities of isolable intermediate complexes 
such as hydrazido(2-) complexes (4). How
ever, H2 could not be used for the synthesis 
of nitrogen hydrides because H2 replaced 
the ligating N2 in the complexes to form 
MH4(L)4 without formation of the N - H 
bond (5). Previously, metal carbonyl hy
drides such as HCo(CO)4 were used for 
the N - H bond formation of the coordinat
ed N2 (6). Recently, Morris et al. tried to 
use an acidic H2 complex [CpRu(dtfpe) 
H2]BF4 {Cp = ri5-C5H5; dtfpe = 1,2-
bis[bis(p-trifluoromethylphenyl)phosphino] 
ethane} with pKa = 4 3 (Ka is the acid 

Bimetallic System for Nitrogen Fixation: 
Ruthenium-Assisted Protonation of Coordinated 

N2 on Tungsten with H2 

Yoshiaki Nishibayashi, Shotaro Iwai, Masanobu Hidai* 

Treatment of the tungsten dinitrogen complex c/s-[W(N2)2(PMe2Ph)4] (Me = methyl, Ph = 
phenyl) with an equilibrium mixture of [RuCI(dppp)2]X and frans-[RuCI(ri2-H2)(dppp)2]X 
[X = BF4, PF6, or 0S02CF3; dppp = 1,3-bis(diphenylphosphino)propane] under 1 at
mosphere of dihydrogen at 55 degrees Celsius for 24 hours gave NH3 in moderate yield. 
The same reaction in the presence of acetone produced acetone azine in high yield. None 
of these reactions proceeded in the absence of dihydrogen. 
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