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Abgtkct.;. The .&-qvolving ,&ter of Photosystem II.(PSII) wt&s a, 
te&ucl& Mn complex &It a&as $e&~for$o&+$.ic &cGxidatj& l& 
catalytic cycle for H&&&ti.‘& b& ab’ i&&e g &ght+d &u&of a very 

strongly oxidizing state of the Mn complex prior to the formation of the O-O bond. 
However, the Mn complex also exhibits oxidation chemistry in its lower ox@tion states. 
Exogenous ligands, such as primary amines and hydroxylamines, have been shown 
previously to int~racr with the, ~olvbag center in the dark St oxidation state by 
qqdinating tp a Cl--binding site uear the Mn complex. In this paper, we present, 
evidence that priory and second&y amines irever@ly inactiv&e the Mn complex in the 
S 1 ‘state by a r&iucti&‘metihanism,’ leading to &e lib&& of IGin ions and a 
cotic&ni@nt loss oi’O+&titin~ac&ity. ‘He&; th& Mn &i&G in tlii CQevoltit ’ 
center acts as a ?5tmng oxidam even in&e dark-fa&ble S, state. The synthetic tetmnao&r 

MnNl CoIBplex Io~~Br& whictl &aB beaosuggested =.4V@el for the hdn 
complex, iu.$~,Q-evolving.~c+ter, is a strqg oxi@t as wqll. We fiqd +a! it, catal~ 
the air oxidaiion of secondary alcohols to ketones and, triphenylphosphine to 
triphenylphosphine oxide. 

Introduction 

The sele&Ve, &cat@zed oxidation of organic mole&es is an area of continuing intetest among 

syhthetlc chenMs.* Of thl rnitiy efficknt M&ion-metal based bxidation @ems lolown, those involv@ hlgh- 

valent$fCons are among the n?o& numemus And we&&died .% ~+krma@mate oxid&oMcif ifs ‘kk43hoIs 

to kches, ,&iehydes to,cafboxylic acids, ol&tnd tu~ols an$ the ti&kylati& of benzj%e -tit&& ‘C-H 

bonds ‘6 bein docm&nt&l. MtQ oxid&s’td@& and beniylic-aI&hols fo ~&~nsatur&d -carboityl 

compounds, aud Mn(III) acetate is an effective reagent for the oxidation of alkenes to ylacmnes and for the radical 

acetoxylation of arenes. Ib Also, several groups have recently reported the biomimetic oxygen-atom transfer 

oxidation of alkenes using Mn(III) porphyrin and related compounds.3 

Mn also plays an essential role in plant biochemistry. A tetranuclear Mn cumplex in the O+votig center 

of photosystem II (PSII) acts as the catalyst for phomsynthetic Hz0 oxidation.4 The catalytic cycle involving the 

Mn complex is characterized by five intermediate oxidation states Si, where i represents the number of stored 
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oxidation equivalents. 5 It has been suggested that coordination of substrate Hz0 molecules to the Mn complex 

occurs only after the S3 state is formed, &’ and the O-O bond is likely to be fozmed only after formation of the 

highest oxidation state, Sb 8*9 However, the Mn complex can oxidize hydroxylamine.lo~” hydra&&l2 and 

hydrogen peroxide13 in the S 1 and S2 states. The mechanism for the oxidation of these compounds is proposed 

to involve a series of dark two-electron reactions leading to reduction of the Mn complex to a configuration 

containing labile Mn(II) ion&l4 Hydroxylamine and related c~mpound8 bid in the O+volving center to the Cl-- 

binding site rather than to the substrate H20-binding site prior to reaction with the Mn complex .14b 

Mn ions are also displaced from the 02-evolving center by alkaline tris(hydmxymethyl)aminomethane 

(Trls) treatment~.~~-t~ The mechanism for the Tris-induced inactivation of the Mn complex is not known, though 

chelation of functional Mn ions by Tris molecules, leading to disruption of the Mn complex and eventual nlease of 

I&@)%&$, has b&B co&id&d as d possibility. We havZ %ufid that Tris h lit% uniqne%n ha&g’rhl&hibito@ 

p@erty; we shoti in this paper that treatmtnt of the dark-stable St state with several ,priw a&he8 and a 

secondary amine results in h-reversible inhibition of U.&olution activity. The amines probably reduce the Mn 

complex to a super-reduced oxidation state containing labile Ivln(II) ions, which subsequently are *leased fium 

the O+volVhig cenier. In tiew of evidence that die rate‘& t&e lltniilo Inhibit&n depe&-ls i&r&~ -awl’die Cl- 

concentra~n; ‘the,-mechani‘s&‘is ‘likely to be slmli& io ihat.involved Iii the ~lib&a&jn of’ h&(n) Ions by 

hydroxylamine. , . 
We have also examined the possibility that synthetic tetranuclear high-valent Mn complexes might catalyz 

oxidative trans@&$&& *q’re&,ti $r&&@y r&&t$*&&v&g ‘&at a t&an~l~ I&@?j model for the Mn 
complex in & (j~/li~g &$ .&&‘& &*;$ .&*,&. ~&t;ol~ l: 

I .m 
./ r. 

Materials and Methods 
.. 

Q-evolving preparations of PSI&enriched membranes wee Mated frorh mark&~spln&ch ieftv%?s by using 

a modified version of the B&hold, gabcock; ani Yocum’procedur&‘9 as de&ii&l prf3&u$Iy.20 PSII 

membranes were Stored at 73 I&suspended at 5- 10 mg’ chknopiyll/&L iii a buffer &lutioh &ontaiGng 20 mM 2- 

(N-morpholiu~~~~e~u~?~~c,a~ (A$l$S)-Na@I, pH 6.0, Ii n&l NaCl,..apd 30% (v/v) e@y&ne. glycol. All 

steps in the isolation procedureand subsequenthandling,of PSII membra%3 were perfmed under a green safe 

light. This pro&lure &forde&ext&nsively d&k-adafitcd, PSI& membrane p&&ratlons;~ lnsu&g fhat the @- 

evolving cent&s were pois&d tithe St statb priar to tr&a&ent &ithGa~nts.21”ChIorOph~ll concentrations were 

determined spectrophotometricaliy by the method of &o;.~ 

Oz-evolution rates were measured at 25.0 OC with the apparatus described &viously?o Assay8 CXdStcd 

of a suspension of PSII membranes at 2.5 pg chlorophyll/mL in a buffer solution containing 20 mM MES-NaOH, 

pH 6.0.5 mM CaC12, 2.5 mM sodium ferricyanide, and 250 @VI 2,5dichloro-p-benzoquinone. ’ . 

Rates for the .ti‘ve.rsible inhibition of O+volutio~ activity by Agnes were obtained bywying the Q- 

evolution activity.of ali_quots of an amine-treated PSIl mqmbrane suspension during a seventy-min\pe inc%@Uion 

perk@.@ 0 “C in complete darkness. The treated PSII membrane suspens@n (0.5 mg chlomphyll&L) contained 

0.8 M of the indicated ax@nc and 20 mM MES, pH 8.0. Owing @ the ~~CXXLfqld dilution of the amine and ‘&e 

lwer pJ-I in the Q-evolution assay qqension, the residual amines had no effect on the measured 02-evolution 

rates. 
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Results and Discussion 

Irreversr~le Inhihib~ of Photo&heti~ O#voluriox~Activity bi A&r&. C%eniae “and Mart@ first 

showed that treatment uf spinach vhyl&-t~membranes with ‘MS under alkxbne conditi~msultul in inhibition of 

O+volution -activity and the release of about’ fm htn &is, providing early evidence t&t a i@tt ‘XXWplcx is the 

catalytic site for photosynthetic I-I&oxidation. Lo&r et dB dcuiontite!d that the Mn i&U ibd by the abline 

Tris treatment were detectabk by electq paramag”ef’c resonance @PR) qectmsqyat&o&temperatum; asix- 

line spechum chamcmristic of Mn(I$O)a2+~~as observed. Since it is likely that the St state contains four Mn(III) 

ions,4 release of Mn(II) ions as a resnlt of alkaline This treatment m&es a reduction of&e h4n complex. In the 

presence of Tris, Q-evolution activity is lost mom rapidly unde&umination than m complete darktt~ss;~~~~*” 

work by Frasch and &&et7 showed that the S, state in particular &acts much more rapidly&h ‘l%is than does 

the St state. These results suggest that Tris is oxidized by the Mn complex, producing a reduced state of the Mn 

complex that &eases Mn(II) ions, 

In order to examine the n&nuiism.of Tris’s &ztion on the. St-state Mn complex, we m&sure&he rate at 

which evolution activity was lost in dark-adaptedPSII membranes #ien @e&ted wi& one,of several amineq at 

pH 8.6. Figure 1 shows that exposure ofPSIImembranes DO O&M NaClforseventyminutesat 0 oCittcompkte 

darkness results in a negligible loss of Q-ev&lution activity; ‘however, activity was slewiy lostirmve@lyin 

PSlI membranes treated with 0.8 M ethanolamine, @I-&NH; or Tris. Similar behavior was &served when 

PSII membranes were treated with 2-amino-2-ethyl-1.3~propanediol (AEPD), NI$, or CH#I-12 (not shown). 

The loss of activity in the presence of each of the amines could be well described by a single-exponential rate 

function, as indicated by the examples in Figure 1. 

0 t....I....I....,-....I....I....I....I....-I 
0 10 20 30 40 50 60 70 60 

Time (min) 
. 

FigMel; Time course for irreversible inhibition of C+evohrtion activity inPSI1 membranes aeateri wim 0;8 W 
NaGl’(m; 0.8, M ethanolamine (A,), 0% M&nethylamiti (4). or 0.8 .Iv¶ Tris 0) at pHg!4 O*C;‘&l hi 
darkness. The activities are normalixed with respect to the a&Wy&&ed a&r i 2 min iU&ti& Tlies&d 
lines through the data points were obtained by least-squares regression to the equation A(t) = 100 exp (-k t), 
whore A(t) is the residual activity at time t and k is the mte constant for irreversible inhibition. 
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,( 

Table I compares the observed second-o&r inhibition rate constant, &, &btUne&.wIth each d:the 

amines s&died. Mote that the free base for& of the amine ha+ been identificd.as the active speoies$n both 

reveraiblwwd irreversible inhibition of CQ-woh&m.acti+&y by ami&?5 hence, tht ~ksahwhave 

been scalcd‘by tliecaleulateduoncentratio~ of free bawpsw+ent in the amine-uwument%u%x sohuion U pfp-8 to 

obtains. Thei~srpteconstants~theredueeionof~thchdn~Erdar~eS~~to~S_t~by 

hydroxylamines are, on -the avezagl, larger than the ratceonstaats shown in ?rable I by thwwders of 

magnitude.‘” 

8 

7 
8 

tn 

. . 

-0 

Figure 2. Rates for the irreversible inhibit& &@-evolution activity in PSII membranes treated with 0.8 M 
TsisatPH8.4O.oC,~din~,.plonedasafunctionaEthcEecipFocal-ofthcQ’.concenarttion, ‘IMaqatd-. 
order ra~oonstantr~~, was obta&ed by dividing&e measuxdmq eo~stattt, k, obtaiwd&shown in,- 1, 
by the ca?culat@!+base amine cgnqengation atpI 8.0. 
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btverse Cl- concentration dependences have been previously noted in the rcversilrle inhibition of q- 

evolution activity by amines at lower concentrations and less basic media?l in the irrevers&lc inbi~lion of% 

evolution activity caused by treatment of the St state with hydroxylamine?6 and in the rate at which 

h~~~~~.~complwfiom~S~~~to~S.,saitt.’” lhefefom,wehave’exam&dthe 

Cl- concentration dependence for the’hmversible inhibition of O+volution by amines. F&tre 2 shows that a 

linearaendis~~~b;ap~dtheobsavedn~co~t,~f’dain~vati~in’tbe~otlkisksa 

fun&nofthet&proc&jf’df~a&ntration. S&latr&ltsweicobta&dfbrethrinolathineaniiAHPD(data 

not shown). By analogy with the ccitcl~ons of Sandusky and Yccnm,D our msults it&at6 that thi itmvemible‘ 

inhibition of the O+volving center by the amines involves the ‘di.-binding site. The ‘p%nt rest& do not 

detemdne tbe mode of competition between amines @ C!V ; that themte of amine-induced in&easible inhibition 

is appamntly not Z&D at very high Cl- concentrati~s (Figum 2) may ‘&pRcate a&ion& binding sftes fowl athines 

near the Mn complex; possibly including the H~binding site(s). 

A variation of a simple redox mod& pmposed ~viously to ficconnt for the reaction of.hydmxylamine 

and related compounds with the Mn complex in the St state,l” can explain the irreversible mhibitton of’%- 

evohnion activity by amines. We pmpose that an amine molecule binds in competiticn with Cl-to the site at which 

Cl- functions as a cofactor in the H@-oxidixing maction (equation 1). After binding, the amine is oxidized by the 

Mn ccmplex, fotming a hydroxylamlne molecule as a prod&t (equation 2). 

K, 
St(Cl- ) + RNH2 _il S,(RNH$ + Cl- (1) 

kt 
S1(RNH2) + Hz0 - SJRNHOH) + 2 H+ (2) 

The equilibrium in equation 1 simply scales the concentration of the reactive, bound amine species. The bound 

hydmxylamine species produced in equation 2 is capable of reducing the Mn complex further, pmducing a nitroso 

compound and the hypothetical, labile $3 ~tate.‘~, 
. . 

k2 

S_t(RNHOH) - S3 + RHNO+ + H+ (3) 

While the St state is stable and can be reoxidixed to higher S ,states, leadiig eventually to oxidation ofH~0~~ the 

Mn complex in the S3 state would be irreversibly disabled owing to release of Mn(iI) ions. That the inhibition 

tates show a dependence on the Cl- concentration implies that equation 3 is not the rate-limiting step under our 
&.& 

,Since the rherhble inhibition of O,-evolution activity by amines occurs at a&e c&u$$ations much 

lower that those employed in the experiments spotted hem, 2s the displacement of Cl- fiom sit& near the Mn 

con&x by the biing of an amine n&cule can inhibit’thc tumover of the h4n catalyst w&out resulting ht a high 

rate cfMn &&ct&n only if equa&n 2 is the rate-Km&g step. In the’limiting case in which ka * kt. the observed 

sing&xp@te&l t&e constant, kbs, is defined in terms of Ka, and k, by equation 4. ’ t 
, ” 
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1 
k”;=k+t,~ (4) 

Note that b .appears to increase with increashq bash& of the amine (Table l), suggesting that the equil&rium 

constant for the binding of the amine in the S 1 state (equation 1) dominates the observed rates for the reductive 

inactivation of ,the Mq cokplex. .This observation, trJLen together with evidence frotn low-temperature RPR 

vts that a&es are mote ti@ly bound in the S2 state than in the St ~tate,~ might account for the trq , 
rapid loss of Oa-evolution activity in the presence of alkaline Ttjs when the S? state is plresent.?’ A &ilar ./ 
explanation is,consjstent with the observation that reactions of Ha& and hydroxylamines occur t&e &idly in 

the S2 state *,+ $w $1 we 13*14*28 and with the recently reported effects of H2.S on the O&o+tg centq~ 

The ,t&er~b~$ding, of ,hgands in the. Sz state reflects the probable role of Cl- in the H$-oxi@on cycie~~~, in 

the absence of Cl-, the S3 state ‘cannot be formed ,in a st”able manner from the S, state.” We have pqv@tsly 

proposed that the presenceof Cl- is tequired~ that substrate Ha0 molecules can bind to ane&kiiy ekctton- 

deficient form of the Mn complex in the S3 stak7 

I 
(~ ,, 

Oxidation of Secondary Alcohols by Model J& Compkx~& Se!.+ groups have repot@ the synthesis 

and structural characterization of tetranuclear Mn co&plexes that represent the initial models for the Mn con&x in 

the @-evolving center.3132 We now consider the possibility that these complexes can catalyze the oxidation of 

organic substrates. Our initial experiments focused upon the use of Wieghardt’s tetranuclear Mn(IV) complex 

[(TACN)4Mn4061Br4, 1 (TACN = 1,4,7+riazacyclononane), 33 because it is easily formed with air as the sole _ 
(TACN) 

o/MLo / 
0 

(TACN)Mn, 
I 

/ 
I -0’ 

Mn (TACN) 

/ 
O+!N>Q 

1 

As a probe to determine whether aerobic re-oxidation is possible, we found that complex l‘catalyzcs the 

oxidation of triphenylphosphine to triphenylphosphine oxide in refluxing acetonitrile under a stream of air at a rate 

of 38.4 turnovers in ‘i6 hours. Other sources oi high-valent Mn ap&ued to be less, active as catalysts: Mn(RI) 

acetate hydrate gave only 7.8 turnovers under identical conditions. 
1 

This suggests that the phosphine oxidation 

p&teds vi? an ato& transfer rather than electron transfer mechanism. Similarly, Mn(II) or (III) acetate phrs one 

equivalent of TACN produced only.traces of phosphine oxide. The dimeric complex, [(TACN)sMn(III)&-O)@- 

OAc)21*+, which fonus under these conditions,M must therefore be catalytically inactive, possibly due to 

increased steric hindrance at the bridging oxygen site. No phosphine oxide was formed in the absence of catalyst. 



Oxidation of exogenous substrates 4909 

Other substrates am also oxidized by complex 1. Cyclohexanol and l-phenylethanol are oxidixed to the 

ketones in reflwing acetonitrile (equation 5). at rates of 25.1 tumovers/25 hours and 13.5 turnoversDO hours, 

respe&ely.35 
OH 

1, Q2 
0 

c 

I?’ I32 R’ R2 (5) 

R’, Rs = (CH& 

R’ s Ph, ti=Cb 

The oxidation of secondary alcohols by Ru(IQoxo complexes by a hydride transfer mechanism has heen 

reparted? such a mechanism may be operative in the present case. Cyclooctane, cyclooctene and ethylbenxene 

are inert under the reaction conditions. 

‘Although many methods exist for the oxidation of secondary alcohols to ketones,2a air oxidations of 

organic compounds are rather rare; Shapley has recently reported similar air oxidation of alcohols to carbonyl 

compounds using a binuclear &nium(VIII)-chromate complex.37 

Coiichi$ons 

Our results indicate that amines am oxidized by the Os-evolving center in the Sr state, producing a labile, 

super-reduced state of the Mn complex that releases l%(H) ions. The rate of reaction is inversely dependent on 

the Cl concentration. Therefore, in addition io its probable role in the substrate HzO-binding ~tep,~ Cl- may also 

act as a cofactor for the photosynthetic H&)-oxidation reaction by impairing the access of oxidizable substrates 

other than FiO to the Mn complex. We are cutrently examining the implications of these results with respect to 

the structure and ligation of the Mn complex and the location of the Cl- and substrate Hz0 binding sites 

In the ,related area of oxidation of organic molecules by synthetic models for the Mn complex in the Q- 

evolving center, we believe that the use of powerful electron-donor ligands, which are known to promote the 

facile air-oxidation of Mn(I1) to higher oxidation statesb3* may lead to.the discovery of efficient, synthetically 

useful catalysts for organic oxidations. We are currently investigating the scope of this and other catalytic systems 

for this purpose. 
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