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Abstract The kinetics of demetalation of a series of aryl-substituted msnganacycles was measured to 

ascertain the relationship between the electronic nature of the manganacycle substitutents and 

the strength of the coordinate bond between the carbonyl oxygen and the metal center. Hammett 

and Arrhenius analyses were performed on these complexes and the activation parameters for 

demetalation were determined. ‘Ibese analyses were con&tent wtth a mechanism Bcheme 4) in 

which the coordinate manganese-oxygen bond is highly broken in the trsnsition state for 

demetalation. Currelation of the kinetic data with the Mn-55 chemical shifts of the 

msnganacycles was not possible in this system. 

In recent years it has been demonstrated that alkyhnanganese pentacarbonyl complexes (11 are 

useful for the synthesis of a variety of carbonyl derfvattves as indicated tn Scheme 1. 1 For example, 

photodemetalation of manganacycle 2 prepared from the reaction of complex 1 and methyl acrylate can 

afford either keto-ester 3 or enone 4 In high yield depending upon the reaction conditions. Similarly, 

enone 6 is the product of acid-catalymd demetalatton of unsaturated manganacycle I; while butenolide 7 is 

produced by treatment of manganacycle 5 with a reducing agent. 

8 Author to whom correspondence should be addressed. 
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Me - MIB(CO)~ 
CH,OH, C&l 

1 

In addition to evaluating the scope and limitations of this methodology wtth regard to synthettc 

applications. the mechanism of these novel demetalation processes has been Investigated extenstvely 

wtth the expectation that this information would be applicable to extending the demetalatton 

methodology to new carbon-carbon bond forming processes. Recently, we have reported that the 

photodemetalation reactIon leading to formation of dertvattves 9 and 4 proceeds via the tntermedtacy of a 

pammagnetic manganese species.2 

From an earlier investigation. we proposed that the acid-catalyzed demetalatton of unsaturated 

mangsnacycle I occurs by the mechanism indicated tn Scheme 2.3 ‘MS mechantsttc proposal was 

supported by three pieces of evidence. Fir& an Arrhenius analysts of the demetalation reactton 

demonstfated that the acttvation parameters were AH* = 1 l.lf 0.87 kcal/mole and A!3* = -25.6 f 2.9 

Cal/mole-K for complex Lk. Secondly, the Hammett analysts of the demetalation of complexes 2a-2a (see 

scheme 2) correlated with a+ constants and gave a p value of -0.76. 

The last piece of evidence supporting the mechanistic hypothesis was the correlation of the rate 

constant flog kobs) with the Mn-55 chemtcal shtft of the respect&e man&anacycles 2Ma. We attrtbuted 

thts correlation to the ability of the substttuent on the aromatic rtng to a&t the paramagnetic 

contrtbutton of the Mn-55 nucleus. lh.9 ~hts result was particularly exctttng because tt was the ftrst time 

that a correlation between a kinetic parameter and the chemical shift of Mn-55 had been observed.9 
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In the proposed mechanism for the demetalation of manganacycle 5 ahown in Scheme 2. the rate- 

determining step is conversion of cationic complex 8 to x-complex 9 which occurs with rupture of two 

bonds: the carbon-manganese bond and the manganese-oxygen coordinate bond. ‘Ihe studies summa&ed 

above had demonstrated that breaking of the carbon-manganese bond was a key feature in the rate 

determining step as evidenced by tbe p-value of -0.76 in the Hammett analysts. lh However, the fate of the 

coordinate metal-oxygen bond cleavage in the rate determining step could not be assessed from the 
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existing data. Accordingly, the kinetic study of the demetalation of manganacycks 14 (Scheme 3) deacrlbed 

in this paper was undertaken to ascertain the extent of manganese-oxygen bond cleavage that occurs in the 

transition state. Also, having d&on&rated that Mn-55 chemical shifts could be correlated with the 

kinetic constants for the earlier demetalation process, lh It was antklpated that this technique could be 

extended as a mechan&tic probe to these related systems. 

Manganacycles 14a-d were prepared by sequential insertion of the respective phenylmanganese 

pentacarbonyl derivative (13) with phenylacetylene by standard procedures. If In turn. the aryl complexes 

were prepared from the coupling of the corresponding benzoyl chloride derivattve 10 and sodium 

mangzmate (11J4 to afford benzoyl complex 12 which underwent spontaneous deinsertion of carbon 

monoxide.3*9 

Tfie kinetics of the demetalatlon of manganacycles 14a-d were measured spectrophotometrlcaliy 

and a representative ultravlokt spectrum is provided in Figure 1. The change in absorbance of the start@! 

materials [ca 350 nml and products (ca 3 10 MII was measured through Rve (5) half-lives and the observed 

rate constants were determined as described previously.3 Rate. constants for the pseudo-first order 

process5 are s ummarked inable 1. 

FIgnre 1. Ultravlolet Spectrum for Demetalation of Manganacycle 14a at 30.0 C. 

Nanometers 

The presence of isosbestic points in the spectrum (Figure 11 indicate that the transformation 1s a 

state-to-state process in which there were no kinetically significant intermediates. The Influence of the 

pam-substituent on the rate of reaction indbated that electron-donating groups increase the rate of the 

demetalatton reaction. and that electron-wlthdrawlng groups decrease the rate of demetalation Crable 1). 

However, the influence of the pam-substituent on the kinetics of demetalation is slight. 

A Hammett analysis of the kinetic results was performed also. Plots of log (kobs/kH) us. a and o+ 

Figures 2 and 3. respectively) show a better correlation with the Hammett u+ constants lndicattng that 

resonance and Muctfue effects contribute to stabilization of the charge in the transition state proceeding 

from complex 8 to x-complex 9. The small magnitude of p for this demetalation (0.21). however, suggests 
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that the manganese-oxygen ccmdinate bond is extedvely broken in the transition state because the pm- 

substltuents’ effects are slight, even for strong@ ekctron-donating groups such a methaXy. 

TabIs 1. Observed Rate Constants for Demetalatlon of hmgamqcle?3 14 at 25.0 oc. 

Entry Reactant kobs. h-l kobs t1/* h 
-1 

1 

2 

3 

14& x&l 

14b. X=H 

14e. &Me 

0.437 0.453 f 0.005 1.513 
0.359 
0.522 
0.454 
0.473 
0.451 0.491 f 0.005 1.412 
0.523 

:z 
01556 
0.511 0.575 f 0.024 1.205 
0.595 

zzi 

4 144, xddeo iz%i 
0:688 

0.7 11 f 0.043 

0.725 
0.723 
0.712 

Flgure 2. Hsmmett Plot of log (kobs/kH) vs. wtt 0 Constants. 

0.975 

-Ol! . , . , . , . 1 . , . 

-0 3 -0 2 -0.1 0.0 0.1 0.2 f 

Hammelt a Constants 

3 

m 3. Hammett Plot of log orobs/lpi) us. Hammett a+ Con&a,nts. 
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Further fnsight into the mechanism of demetalation was obtained from an Arrhenius analysis to 

determine the activation parameters for the process. Demetalation of manganacycle l& was performed at 

five temperatures (Table 2). and the activation parameters were calculated using the E@lng equation.’ 

Analysis of the variable temperature data ylelded an enthalpy of activation of 10.9 f 1.1 kcal/mol. an 

entropy of activattion of -23.4 f 1.2 cal/mol. and a Gibb’s energy of activation of 17.9 f 1.4 kcal/mol. 

Rybcynskl reported that demetalation of a similar system, manganacycle 5 (FI=H. Scheme 1). displayed an 

enthalpy of activation 11.1 f 0.9 kcal/mol. entropy of activation -25.6 f 2.9 cal/mol-K, and a Glbb’s energy 

of activation of 18.8 f 1.9 kcal/mol. 3 The activation parameters for the two demetalation reactions of 

manganacycles 5a and 14a are identical within the error limits of the aperhnents and suggest that the 

demetalation in both systems proceeds by an analogous mechanism. 

Table 2. Rate Constants for Demetalatton of Manganacycle 14a. 

Entry TBO.l “cl kobs* h-1 t1/2 h 
-1 

1 10.0 0.210 0.203 f 0.002 3.415 

E 
0:210 
0.182 

2 25.0 0.451 0.491 f 0.008 1.412 
0.523 
0.432 
0.496 
0.556 

3 30.0 
::Zi 

0.671 f 0.008 1.033 

LEE 
0:518 

4 35.0 1.093 0.945 f 0.026 0.733 
0.891 
0.796 
1.012 
0.930 

5 45.0 1.998 1.998 f 0.048 0.347 

f *YE 
1:950 
1.863 

The large negative value of the entropy of activation observed in the demetalation of manganacycle 

14a indicates the presence of a highly ordered transition state during the rate-determining step. This 

result Is consistent with the mechanism proposed in Scheme 4 in which transition state 16 lnvolves 

simultaneous 1.2~migration of hydride and cleavage of the carbon-manganese bond. 

The kinetic results are also consistent with direct protonation of the carbon-manganese bond with 

concomitant liberation of the metal. This mechanistic hypothesis can be discounted, however, since 

deuterium labelltng experiments indicate that there is a fast. equiilbxium protonation process occunlng 

consistent with the mechanism indicated In Scheme 4.s 

The Hammett snalysis discussed above indicated that the coordtnate bond of catlonic compla 15 

was extensively broken in the transition state (&de suprol. One pote?tial reason for the high degree of 
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order observed In the transition state should be that the n-systems of the two a@ rings a&n with the 

developing carbon-carbon x-bond of mtermedlate 17. 

&hams4 

Rfi&& 

14 
1s 1 

f 

Fxvious studies of demetalatton processes in manganacycles had demonstrated that the kinetic 

data could be correlated with the chemical shifta of the Mn-55 nucleus of complexes such as 1C3 These 

results indicated that factors a!kcttng the chemical shift of the complexes also influence the kinetic 

parameters for demetalation. This correlation furnished insight concerning the electronic structure of the 

metal center in this transformation. Acc0rdmgiy, extension of the Mn-55 NMR technique to thls Study was 

undertaken. The results are summarized in Table 3. The Mn-55 chemical shift of the pmethoxy 

manganacycle I4b could not be measured due to extreme broadening (>40 W of the signal. ln this series 

of complexes, the Mn-55 chemical shifts are virtually identical wlthin expertmental error and do not 

correlate with the experimental log [kobs/kH) values. 

Table 3. Mn-55 Chemical Shifts of Manganacycles 14. 

Manganacycle 6 Mn-55 

lQ(R=Hl -925 B2oppml 

lB(R=oMeI a 

14c(R=Me) -880 tt2oppm) 

14d(R=cll -900 ttu)lWml 

a: The signal was too broad to be measured. ~40 KHz. 

PWIOUS studies by Hegedus.3a van Phtl@sbom.3b~C and Mason3d had shown that transition 

metal NMR spectroscopy could be employed to study the reactlvlty of metal complexes of Cr. Co, Rh. and 

MO. respectively. Also, Hegedus had demonstrated that the reluWe nactivlty of various Cr-complexcs 

correlated to the line width of Cr-53 resonances. 
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The lack of cormlation with the rate data and chemical shifts of the metal nucleus as was 

determined in the earher demetalation study was particularly discouragtng. However, upon reflectton. it is 

a result that should have been anticipated. In the previous study of demetalatton reacttons, we were able to 

demonstrate that the substituent effects on the kinetics of demetalation were slgniftcant (p -0.79) while in 

this case the p-value was less pronounced (-0.2 1). As was desc&ed above, cleavage of the coordtnate bond 

between the carbonyl oxygen and the metal is not an important feature. in the transttton state of this 

demetalation process. Accordingly, when compartpg the Mn-55 chemical shifts in the manganacycles 

serks 5 and 14, it appears that the substttuent effects are of the same magnitude; however, they cannot be 

determined accurately because of the extreme line wldths of the Mn-55 s@als. 

The conclusion that is drawn from thts portion of the study is that the chemical shift of the metal 

can only be exploited to provide insight into the demetalation process when the bonds being ckaved in the 

rate-determining step are bonds invokmg the metal. Further studies ln support of this hypothesis are 

underway and will be reported in due course. 

Acknowlwl@nents. We thank the National Institutes of Health fP.D.1 and the Sviss National Science 

Foundation fW.v.P.) for generous fmancial support. 

Melting points were taken in Ktmax soft-glass capillary tubes by using a Thomas-Hoover Unl-Melt 

capillary melttng point apparatus (model 9405 Kl equlpkd with caltbrated thermometer. 

Magnet& resonance (lH and %) spectra were recorded on either a Bruker WP-290 or AM 409 

spectrometer. Chemtcal shifts are reported in parts per milllon downfield from tetramethylsilane. Spin 

multiplictties are indicated by the following symbols: s (singletI. d (doublet). t (triplet), q (quartet). and m 

(multipletl. Deuterated NMR solvents contamed 99-69.6% deuterhun in the indicated position. Mn-55 

chemical shifts were measured in benzene-d6 on an IBM AM-499 and AMX-666 spetrometers ln co. 0.2M 

solutions at 306 K. 5fMnl vafues & 20 ppm) were determined nktive to an internal refemce of Mn2fCO) 10 

at 6 -2287 and are reported relattve to KMnO4 (6 0). 

Infrared spectra were recorded on a Nicolet 5DXC Fourier transform infrared spectrometer. Band 

posttions are given in reciprocal centbneters km-l) and are listed as va (very strongL s (strong). m 

(medium). w (weak). and sh (shoulder). 

All reactions were performed in oven dried glasswsre (110 T) using freshly distilled solvents and 

reagents. All reactions were performed tn airless Schlenk glasswar e under an inert atmosphere of 

nitrogen unless otherwise indicated. 

Gexleral Fmcsdms for the Reparatiou OfpR-Phsny~ Pen-y1 co=-. 

Complexes 13a-d were prepared according to the method of Beck et aLQ 

Na/Hg amalgam (1%) was prepared in a 56 mL Schlenk flask by adding Na (0.16 g. 6.66 mm011 in 

small (-20 n@ portions with stu-rlng to Hg (1.4 mL, 0.093 mmoU in 5 mL THF. After allowmg the reactton 

tocool(-15mmutes~.Mn2(CO)~O (l.Og.2.5mmol~wasaddedalongwUh 15mLTHFtogWeandarkgreen 

solution. The reaction mtxture was stirred under nitrogen for m 1 h. yielding a solution of sodium 

pentacarbonylmangsnate (11). This solution was added via cannula (leaving the Hg behind) to -4.5 mm01 
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of the appropriate para-substituted benzoyl chloride derlvatlve. The reaction mixture was alknved to stir 

under nitrogen in the dark for the recorded time. The reaction mtxture was then opened to air and ffltered 

through celfte. Concentration In uacuo yielded crude products which were purlfled by flash column 

chromatography on silica gel unless noted othenvise. AU products were ~95% pure by tk. HPLC. and/or 

%NMRanalysisunlcss notedotherwlse. 

p (1Sa. R=H): Reactton mixture was stirred for 24 h. The product (yellow 

crystals) was purified by column chromatography (6” 25 mm silica gel flash colunml with hexane to yield 

white-yellow crystals. Recrystalkation from pentane gave 731 mg (53%) of complex 13m (R=Hl as white 
cqstals: m.p. 51-52 0C5*Q; Rf= 0.30 ln hexane; IR (U&l 2115 (ml. 2019 fvs). 1997 1s) cm-‘. 

pMethoxwhen=ese e t1Sb. R=CMe): Reaction mixture was stirred for 18 h. The 

product (yellow-brown oil) decomposed during chromatoxgraphy on silica gel 9mxane:EtOAc 9: 1); 
accordmgly. the crude product was uttbzed in manganacycle formation without pmlf&ation: IR CCC141 

2053(w). 2045 LsL2013W. 1997 (s), 19410. 

gMethvluhenvknanUanese oentacj&$& (13~~. R=Me): Reaction mixture wss stirred for 18 h. ‘Ihe product 

(yellow-brown oil) decomposed on during chromatography on silica gel 0xxane:EXOAc 9: 1): accordingly, 
the crude product was utilized in manganacycle formation without puriftcation: IR fCC141 2055 (wl.2046 

(w). 2013 (ml. 1981 (w). 

gChloroohenvlm~ee mnvl (ISa. R=CU: Reactton mtxture was stirred for 18 h. After 

filtration and concentration, the product (yellow crystals) was purified by column chromatography (6’ 

25mm hexane) to yield white-yellow crystals. Reuystalizatton from pentane gave 887 mg (53%) of white 
crystals of chloro-com plex 13d @?&I) : m.p. 6470 T; Rf= 0.29 in herome; IR (CCi4l 2116 (ml, 2022 (vs). 2001 

(s): ‘H NMR (C6D5) 7.2-7.0 0. 

GuIeralRocedureforFWparatlalaf~~14. 

Complexes 14a-d were prepared according to the methods developed previously in this laboratory.1 

A solution of porn--substituted phenyhnanganese pentacarbonyl(19) (-0.367 mmoll and 
phenylacetylene ( 1.G 1.4 equiv.) ln Et20 (20 mL.1 was stirred in the dark under nitrogen for the tndicated 

time. The solution was purlfied by flash column chromatography on siltca to afford the adduct tn a purity 

of >95% as judged by tic. HPLC. and/or 13~ NMR analys& 

wcvcle 1%: The solution was stirred at room temperature for 72 h. and the adduct was isolated as 
an orangs semisolid (94 mg, 68%). Rf = 0.18 hexane; IR (CCl4l2092.6 (ml. 1998.3 (vs). 1950.4 I&; lH NMR 

(C&&l 7.1 (m. 6Hl. 7.46 (s, U-0.7.47 (dd. W. J=1.2.6.8). 7.68 (dd. 2H. J= 1.4.8.3); 13C NMR (cDc13) 178.0. 

137.0. 135.7. 134.1, 133.1. 130.8. 129.6. 129-128(m), 126.9. 123.3. 120.2:56MnNMRE6D6L925f20. 

mcle lti The solution was stirred at mom tempemture under nitrogen in the dark for 72 h. and 
the adduct 05%) was isolated as an unstable, brown-orange oil. Rf = 0.17 hexane: IR (CCl4l 2081 (wl. 1997 

(sl. 1949 (ml; lH NMR (CDCl3l: 3.67 (s. 3Hl. 6.90 (m. 3Hl. 7.44 [m. 6HL 7.64 (a 1H). 7.93 (d 2H. J=5.8); 13C 

NMR ICDC13) 203.4. 150.5. 139.1. 131.8. 131.4. 128-127 (ml. 125.2. 114.1.55.6: 55Mn NMR(C&$: signal 

was too broad to measure; ~40 KHz. 

The solution was sUmA at room temperature under nttrogen ln the dark for 72 h. and Maneanacycle 14c1 
the adduct (SC1 (65%) was isolated as an brown-omnge oil. Rf = 0.18 haane: IR (Ccl) 2082 (WI. 1997 Is). 1949 

~m)~1H~~C~13):2.41~9,3H).7.43~m.7f0.7.67~a1~.7.90(d,2H.J~.3);5~NMR(~:-880fU). 
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v The solution was stirred at room temperature under nttrogen in the dark for 72 h. and 
the adduct isolated as an brown-orange solid (77 mg. 51%). Rf =0.20 hurane; IR 5X14) 2063 [ml, 1996 b’s). 

1953ts); 1HNhiRICDC131: 7.45fm. 7HI. 7.66fa 1Hl. 7.95td. 2H. J=6.63; 55MnNMRfC6D6h MOf20. 

GansraIRaaadwaKwthaDamataktlondunMtwated~mtltkJr~Cooditbar: 
Bate constants 0 and half-life (t 1 ,2) data for dernetalation of wles Ma-d were determined by 

quintuplet runs of the followtng procedure snd were reported as average vahzs (see Tables 1 and 21. 
An ahquot (2.5 mLl of a solutfon of the appropriate manganacyck (2.0 mgl in CH3CN (10.0 n1L1 was 

diluted to 10.00 rnL wttb CH3CN. The solution was maintah’kd at tbc desired temperature Ml. 1 “Cl In a 

constant temperature bath. A portton of this solution was placed in a temperatun-controlkd UV cuvette. 
Anbydrous H2SG4 (0.100 rnLl was added to the cuvette and the solution was shalten for ca 3 8. Both the 

dlsappearence of the manganacycle and the appearance of the product were monltomd. The wavelength 

followed for the rnangana~k and the products were a 350 nm and 310 run. respectively. Absorbsnce 
values [A) were recorded until dA/dt approached 0 [apprwchnately 5 half-lives). Rate constants were 

calculated using Systat@. 
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