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Abstract: Reaction of organocobalt(lll) porphyrins with a cobalt(ll) complex of a distinguishable porphyrin

or tetrapyrrole resulted in the reversible exchange of the organic axial ligand. The exchange reaction was
facile in such solvents as benzene, toluene, dichloromethane, chloroform, and pyridine; was unaffected by
total exclusion of light; was faster than would be expected for a homolytic process given knowd I@md
dissociation energies; and was of broad scope with respect to the organic ligand. Methyl, benzyl, primary
alkyl, secondary alkyl, and acyl groups exchanged, but phenyl groups did not. The position of the exchange
equilibrium was independent of the direction of approach and was nonstatistical. The relaxation to equilibrium
appeared to be consistent with that of a second-order process. The rate of the reaction varied with the identity
of the R group in the order Bz Me > Et ~ n-Pr > i-Pr > i-Bu > acetyl~ neopentyl~ 2-adamantyl.
However, the total variation in reaction rates was remarkably small. Attempts to find evidence of free-radical
intermediates by trapping with TEMPO or CO or by alkyl group interchange with an excess of an alkyl halide
of a distinct alkyl group were unsuccessful over a time scale comparable to multiple half-lives of the exchange
reaction. In addition, no rearrangement products were detected in exchange reactions of the 5-hexenyl group.
Use of cobalt porphyrin reactants that were sterically encumbered on both faces with groups large enough to
prevent formation of a bridged, G&C—Co structure resultedchia 5 ormore order of magnitude decrease in

the rate of methyl exchange, if not its outright cessation, when run with total exclusion of light. The decrease
in the rate of the thermal exchange process revealed the existence a slow photochemical exchange process that
was driven by room lights. All evidence was consistent with a bimolecul@rr8echanism for the thermal
exchange mechanism.

Introduction

ladium from a variety of organometallic reagents in such

Reactions in which an alkyl group is transferred between a procedures as the Suzuki or Stille coupling reactfots.

metal and either a second metal or a metalloid or heteroatom

Although alkyl transfer reactions are of quite broad scope,

are of considerable importance in both biochemistry and most mechanistic studies were conducted with alkylcobalt(IIl)

synthetic chemistry. Methyl group transfers to or from the cobalt

complexes. This reflects both the relevance of these reactions

atoms of corrinoid cofactors and the nickel atoms of F430 and 0 Bizchemistry and the ready availability and relative stability
CO dehydrogenase/acetyl-CoA synthase are central steps in th@f @lkylcobalt(lll) complexes. The types of alkylcobali(ll)
metabolic processes of acetogenic and methanogenic archaebactefOMPlexes investigated include cobalamins, cobamides, co-

ial=> Methyl transfer reactions of methylcobalamin are also

baloximes, and various tetradentate chelates with nitrogen or

important in the synthesis of methionine from homocysteine Nitrogen and oxygen donor ligands. The studies have demon-

and the biomethylation of toxic heavy elements including

mercury, arsenic, lead, and fif Transmetalation reactiohare

essential to many useful organometallic synthetic procedures.
Examples include the preparation of higher order mixed
cyanocuprate reageftsand transfers of alkyl groups to pal-
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platinum3344-47 rhodium?” thallium 3337and tirf®4°compounds.

Other studies have shown alkyl transfer from chromium to

chromium®° chromium to cobalt*15iron to iron?! nickel to
chromium®2 and rhodium to rhodiure?

The mechanisms of alkyl transfer that were observed are
diverse, which is not unexpected given the broad range of

reaction partners that were examined. Metarbon bond

J. Am. Chem. Soc., Vol. 123, No. 37,92001

[R-ML ]+ ML — [MOTDL 9+ [R—*M W“’Lp]“(z)

[R-MXLn]q + [*M pr]r —
[M (x—2)|_n](q—l) + [R—*M (Y+2)Lp](r+1) (3)

cleavage can occur in three different manners: homolytically metals,x andy are their respective initial oxidation numbers,
or heterolytically with two opposite polarizations. Thus, the alkyl Lnand L, represent their associated ligand sets, @addr are

group can transfer as a carbaniog, k; aradical, eq 2; or a

[R—MXLn]q + [*M pr]r . [M an](Q+l) + [R—*M pr](r—l)( )
1

carbocation, eq 3; where M and *M represent the different
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the initial charges of the complexes. The transfers in eqs 2 and
3 involve changes in the formal oxidation states of the metals.
Mechanistically, the electron transfer and alkyl group transfer
processes can occur concurrently or sequentially. The electron
transfer process can be outer sphere or inner sphere. The alkyl
group transfer process can involve a freely diffusing alkyl
intermediate or occur in a bimolecular intermediate. Several
specific examples illustrate the range of mechanisms. Transfers
of primary alkyl groups from Co(lll) complexes to Hg(ll) are
examples of a simple bimoleculargZ mechanisn33:35.36.38
Consistent with this mechanism, alky! transfer fremythro-
3,3-dimethylbutyl1,2-d-pyridinatobis(dimethylglyoximato)-
cobalt(lll) to mercuric ion occurs with inversion of configuration

at thea-carbon?® Methyl transfer from MeC8(dmgBFR,)py to
Ni'(tmc)" has a more complicated mechanism. It occurs by
initial outer sphere electron transfer from Ni(l) to Co(lll), €6

bond homolysis of the resulting anionic methylcobalt(ll)
complex, and coligation of the methyl free radical by a second
Ni'(tmc)"™ molecule*? An even more complicated mechanism
was observed for alkyl transfer to platinum. The reaction
requires both Pt(Il) and Pt(IV) complexes and involves a
termolecular intermediat®.

Of particular interest are alkyl exchange reactions, reactions
in which M and *M are identical and their ligand sets are similar.
Exchange reactions are nearly thermoneutral because there is
essentially no redox driving forc€e{ ~ 0) or net change in
metal-carbon bond energies. Consequently, exchange reactions
tend to be reversible and can be studied in both forward and
reverse directions. In addition, exchange reactions tend to be
less rapid than transfer reactions for whichAM and a large
AG® provides a significant driving force that dominates and
lowers the activation energy (i.e. early transition state). Thus,
exchange reactions are often well suited for study of the effects
of steric and electronic factors on the “intrinsic” barriers to
reaction. Several examples of exchange reactions are among
those whose mechanism have been investigated. Alkyl transfer
from alkylrhodium(lll) macrocycles to rhodium(l) macrocy&és
and alkylcobaloxime(lll) complexes to cobaloxime(l) com-
plexed”2325proceed by an @-like mechanism. Equivalently,
the mechanism can be viewed as a carbon-bridged inner-sphere
two-electron-transfer process. Evidence for the mechanism
includes a second-order kinetic rate law, the effects of the steric
size of the alkyl group on rate constants, and the observation
of inversion of configuration at the-carbon of the transferred
alkyl group. Alkyl transfer from alkyliron(Ill) porphyrin to iron-

(1) porphyrin is reported to proceed by homolytic dissociation
of the Fe-C bond and subsequent capture of the alkyl free
radical by iron(11)5! Finally, alkyl transfers from alkylcobalt-
(11 macrocycles and cobaloximes to cobalt(ll) macrocycles and
cobaloximes are reported to proceed by ap? Snmecha-
nism22242527the one-electron homolytic analogue of the2S
mechanisn?*-56 Equivalently, the mechanism can be described
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as a carbon-bridged inner-sphere one-electron-transfer pfdcess. Scheme 1

The evidence supporting theg&mechanism is of similar type
to that in the |2 case.

Alkyl exchange between alkylcobaloxime(lll) complexes and
cobaloxime(ll) complexes is regarded as one of the best
documented examples of apZreaction at a saturated carbon
atom, which is relatively raré®>6Unfortunately, alkyl exchange
between alkylcobaloxime(lll) complexes and cobaloxime(l) or
cobaloxime(ll) complexes containing differently substituted
oxime ligands is complicated by the concurrent exchange of
the equatorial oxime ligand8.The evidence suggests that the
equatorial exchange of the oxime ligands follows alkyl exchange
rather than provides a mechanism for an apparent alkyl
exchange. Nonetheless, additional evidence from a system
without complicating side reactions would help confirm the S
mechanism.

Recently, we discovered that alkyl exchange occurs between
methyl- and ethylcobalt(lll) porphyrin and cobalt(ll) hydropor-
phyrin complexes, eq 4”.The Co-C bond dissociation energies

R—Cd"(P)+ Cd'(P¥) = Cd'(P) + R—Cd" (P¥) (4)

Porphyrin R, | R

OEP Et | H

TPP H | Ph

TTP H | 4-methylPh

TpFPP H | 4-fluoroPh

TpNO,PP H | 4-nitroPh
T2,6MeOPP H | 2,6-dimethoxyPh
T3,5tBuPP H | 3,5-di-+-butylPh
T2,6FBzOPP H | 2,6-bis(C¢FsCH,0O)Ph

Table 1. H NMR Data for Cd(P) Complexes

of these five-coordinate, primary alkyl complexes are expected
to be significantly greater than the 30 kcal/mol BDEs of six-

coordinate Co(OEP)(Ci#Ph)(PR) complexe$® The benzyl
complexes undergo homolysis at appreciable rates only at

elevated temperatures. In light of this, the facility of the alkyl

exchange reactions at room temperature was remarkable. We

therefore decided to investigate the mechanism of the alkyl
exchange reactions of cobalt tetrapyrroles. For sake of conven-
ience, the investigation was conducted with a series of porphy-
rins that had different peripheral substitution. Hydroporphyrins
are not as readily available as porphyrins and can be converted
to porphyrins through oxidative dehydrogenatfumder certain
conditions. This paper reports the results of our investigation,

meso CH CHs;
OEP 29.98 8.77 6.06
OEP 27.66 8.50 5.60
P p-He o-He m-He p-H¢
TPP 16.12 13.06 9.65 9.43
TPP 15.21 12.66 9.48 9.30
TTP 16.35 13.10 9.87 —€
TP 15.36 12.66 9.35 —f
TTH 15.80 13.00 9.71 —h
TpFPP! 15.24 12.74 9.49 -
TpNOPP 15.62 13.14 10.74 —
T2,6MeOPP 15.81 —i 8.53 9.12
T3,5tBUPP 16.88 14.10 —k 10.21
T2,6FBzOPP 15.17 —! 8.70 9.05

which provide unequivocal evidence for thg2Smechanism.

appm relative to TMS at 25C in GsDs solution, unless otherwise

noted.? At 75°C. ¢br s, 8H.9br s, 4H.2 CH; group, 3.87 ppm (s, 12H).

fCH; group, 3.76 ppm¢ CDCl; solution." CH; group, 4.14 ppm'. At

Results

IH NMR of Co'"(P) Complexes.Abbreviations for the
porphyrins used in this investigation are defined in Scheme 1.
Table 1 lists'TH NMR data for the paramagnetic, low-spif d
cobalt(ll) complexes of these porphyrins. Data are generally
those at 25°C in CgDe, the conditions employed in most
experiments. Exceptions include Co(TpFPP) and Co(TpNO
PP), whose limited solubility in §De required use of CDGI
and elevated temperature to observe complete spEcH.
peaks are broad in comparison to the line widths typical of
diamagnetic complexes. The data also illustrate that the chemical
shifts are both temperature and solvent dependent. Consisten

60 °C (sealed tube), due to poor solubilityCH;O group, 3.11 ppm
(s, 24H).%t-Bu group, 2.75 ppm (s, 72H)ArCH,O group, 4.72 ppm
(s, 16H).

562765 Reduction of CB(P) by NaBH, in pyridine/ethanol

Na[Cd(P)] + R—X — R—Cd" (P) + NaX (5)

afforded the CH{P)~ anion for P= TPP and TpFPP. For £
TTP, OEP, and other porphyrins complete reduction t§f)o

required sodium amalgam in THF. Owing to the reactivity of

nitro groups with reducing agents; /0" (P) complexes were
repared only by alkyl exchange for ® TpNO,PP. Use of
xcess alkyl halide increased conversion to products and limited

with dipolar coupling, line widths and the magnitude of the ¢ hossipility that alkyl exchange between the initially formed

paramagnetic shift of individual peaks decrease with the distance
of the corresponding protons from the cobalt cefter.
Preparation and 'H NMR Characteristics of R—Ca"' (P)
Complexes.Five-coordinate RCd" (P) complexes were pre-
pared by reaction of G(P)~ with excess Rl or R—Br, eq

(57) Stolzenberg, A. M.; Summers, J.I18org. Chem200Q 39, 1518~
1524.

R—Cd"(P) and unreacted @®)~, eq 6, might occur and result
in rearrangement of certain R groups.

R—Cd"(P)+ Cd(P*)” — R—Cd"(P*) + CA(P)” (6)

Equation 5 is synthetically useful for a wide range of R groups
including alkyl, acyl, benzyl, aryl, cycloalkylmethyd-halo,

(58) Geno, M. K.; Halpern, JJ. Am. Chem. Socdl987 109 1238-
1240.

(59) Stolzenberg, A. M.; Spreer, L. O.; Holm, R. H.Am. Chem. Soc.
198Q 102 364-370.

(60) Fleischer, E. B.; Foust, R.; Jeter, D.; Near iarg. Nucl. Chem.
Lett. 1973 9, 1219-1220.

(61) LaMar, G. N.; Horrocks, W. D., Jr.; Holm, R. HNMR of
Paramagnetic MoleculeAcademic Press: New York, 1973.

(62) Ogoshi, H.; Watanabe, E.-i.; Koketsu, N.; Yoshida, Btill. Chem.
Soc. Jpn1976 49, 2529-2536.

(63) Clarke, D. A.; Dolphin, D.; Grigg, R.; Johnson, A. W.; Pinnock,
H. A. J. Chem. Soc. @968 881—885.

(64) Perree-Fauvet, M.; Gaudemer, A.; Boucly, P.; DevynckJ.J.
Organomet. Chenl976 120, 439-451.

(65) Dolphin, D.; Halko, D. J.; Johnson, Borg. Chem1981, 20, 4348—
4351.
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Table 2. 'H NMR Data for Axial Alkyl Groups of Co(OEP)R Complexes
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R a-CH (-CH y-CH 0-CH e-CH
Me —4.47 (s, 3H)
Et —3.58 (b, 2H) —5.13 (t, 3H)
n-Pr —3.68 (b, 2H) —4.60 (m, 2H) —1.94 (1, 3H)
i-Pr —3.40 (b, 1H) —5.13 (d, 6H)
n-Bu —3.65 (b, 2H) —4.76 (gQn?2H) —1.62 (m, 2H) —0.97 (t, 3H)
i-Bu —-3.78 (d, b, 2H) —5.39 (m, 1H) —2.19 (d, 6H)
CHC(CHg)s —3.93 (s, 2H) —2.40 (s, 9H)
(CH2)2.CHCH, —3.73 (1, b, 2H) —3.94 (m, 2H) 3.29 (dd, 1H) 2.94 (m, 2H)
(CHp)sCHCH, —3.69 (t, b, 2H) —4.67 (gn, 2H) —0.98 (m, 2H) 3.37 (m, 1H) —c
(CH2)4CHCH, —3.70 (1, b, 2H) —4.78 (gn, 2H) —1.63 (gn, 2H) 0.06 (g, 2H) 4.40 (m, 1H)
4.30 (m, 2HY
(CH2)4CHoBr —3.84 (b, 2H) —4.94 (gn, 2H) —1.86 (gn, 2H) —0.43 (gn, 2H) 1.61 (t, 2H)
CHay(c-CsHs) —3.75 (d, 2H) —4.66 (M, 1H) —3.17 (b, 2H)
—2.02 (m, 2H)
CHa(c-CsHo) —3.63 (d, 2H) —4.62 (M, 1H) —2.35 (m, 2H) —0.12 (m, 4H)
—1.43 (m, 2H)
Ph 0.35 (d, 2H) 4.50 (t, 2H} 4.91 (t, 1HY
Bzl —2.60 (s, 2H) 3.24 (d, 2H) 5.63 (t, 2H) 6.49 (t, 1HY
COMe —2.59 (s, 3H)
COon-Pr) —2.58 (t, 2H) —1.46 (m, 2H) —1.35(t, 3H)
CO(-Pr) —3.05 (m, 1H) —2.13(d, 6H)
2-adamanty! —3.26 (s, 1H) —4.87 (s, 2H) —3.12 (d, 2H} —0.15 (s, 1H) 0.30 (s, 2H)
—0.84 (d, 2H)
—0.64 (m, 4H)

2 ppm relative to TMS at 25C in CéDs solution.” Quintet.© Peak for the alkenyl Cigroup appears to be under the OEP ethyl group CH
multiplet at 3.93 ppm¢ Peak for thew-CH alkenyl CH group.€o-H. fm-H. 9 p-H. " Syn axial.' Syn equatoriall Anti.

1
andw-alkenyl. In certain cases the reaction afforded a mixture Table 3. *H NMR Data for Co(P)CH Complexes

of products that could not be separated. Cyclopropylmethyl P o of CHz group
bromide reacted with CEOEP)" to afford mixtures of (cyclo- OEP —4.47
propylmethyl)Co(OEP) and (3-butenyl)Co(OEP). The steric TPP -3.99
hindrance of the reactive site in neopentyl bromide slowed its TTP —3.92
rate of reaction with Ci¢P)~ relative to the rates of reaction of TpFPP —4.06
T " . e : TpNOPP —4.2%
alkyl halide impurities contained in this substrate. Given the T2.6MeOPP —364
use of excess alkyl halide in the reaction, the neopentylcobalt T3,5tBUPP —3.77
porphyrin complexes obtained contained roughly 20% isobu- T2,6FBzOPP —4.44

tylcobalt porphyrln and other trace impurities. Stgrlc hmdranpe 2 ppm relative to TMS at 25C in CeDs solution, unless noted
and/or a tertiary center also led to complications in the reaction ghenwise In C:DsN solution.

of Cd(OEP) with 1-bromoadamantane. Although a sharp

singlet was observed at an upfield chemical shift that would be g,cp, a5 isopropy! slowly decompose in solution td' ) and
appropriate for the six equivalefitprotons of (1-adamantyl)-  yndetected organic products, presumably propene and hydrogen.
Co(OEP) ¢5.46 ppm), other upfield resonances were too Exposure of R-Cd'" (P) complexes to ©led to formation of
numerous and had shifts inconsistent with those expected foripe peroxo complexes ROECA" (P). The later were readily

the remaining protons of a 1-adamantyl group. The OEP mesOqetected by the characteristic chemical shift of their meso
proton resonances established that multiple compounds Werérotons (P= OEP) and by the significant downfield shiftz 2
present. Hence, the 1-adamantyl complex was not pursuedy,m) of the proton resonances for the axial alkylperoxo groups

further. In contrast, (2-adamantyl)cobalt porphyrin complexes |g|ative to those of the corresponding-Rd" (P) complexe§466
were readily obtained from reaction of 2-bromoadamantane with 1,0 1y N\R data for the axial R groups of the-RCa!-

Cd(OEPY. .
0 . ” ~ (OEP)and CH (P)CH; complexes are collected in Tables 2 and
The R-Cd'(P) complexes typically were purified by recrys 3, respectively. The chemical shifts of the porphyrin protons

L . ) 0
t?,'l'iim)qéggg?gﬂ?&gp?ga‘;vﬁ l;ft’%fgl Ipezggﬁirr??hl egarebaction are relatively invariant and thus are not tabulated individually.
$ni)xt ; pr oW in n) rolon gd ¢ rp but generally w. The ring current of the porphyrin strongly shields the protons

ure or gro upon prolonged storage, but generally Was ¢ o ayial R group. The resulting upfield shifts are greater for

Il i i
not able to separate RC0'(P) complexes with different R OEP than for tetraaryl porphyrins, Table 3. The shielding

groups. Mor(_aover, some isomerization of alkyl groups occurred decreases rapidly with the distance above the porphyrin plane.
in contact with chromatographic supports. Chromatography of However, as is evident from the data in Table 2, the chemical

?:uHreélr/ehcrystallllzeddt(l-propyl)(.k“,)ogOI'EP).f.on ?Iumlna ,EN'thf 155 shifts do not increase monotonically with position along the R
2Clo/hexane led to varying but significant amounts of (2- group. Although the complexes are virtually diamagnetic,

propyl)Co(OEP) in the eluate. - . . )
e . . . paramagnetic shifts arise from temperature-independent para-
R—C0"(P) complexes were generally quite stable in solution magnetism and result in inversion of the chemical shifts of the

T D otagyl - ANG/-ProLons. n adito, couplingofheprolons o th
yclopropy y pex, S - . Y qguadrupolar Co nucleus results in anomalously large line
complex. The speed of the conversion in solution varied with

the sample, but generally took over 24 h. When stored as a™ (g6) kendrick, M. J.; Al-Akhdar, Wlinorg. Chem.1987, 26, 3971
solid, conversion was complete in 3 months. Secondary alkyls 3972.
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widths8” The magnitudes of the paramagnetic shifts and presence of additional compounds, small shoulders also were
quadrupolar coupling depend on the temperature, solvent, andobserved on the porphyrin pyrrofeproton peak at 8.78 ppm.
ligation state of cobalt so the observed chemical shifts and line  Alkyl Exchange Reactions.Reaction of a solution of five-
widths are variable. The dispersion of proton shifts is sufficiently coordinate R-Cd"(P) with a solution of four-coordinate ¢e
great, though, that the order of shifts from most negative (P*) results in facile transfer of the alkyl group between the
(upfield) to most positive (downfield) does not vary frgivH two cobalt porphyrins, eq 4. Because the total numbers of cobalt-
< a-H < y-H < 8-H < e-H and assignment of individual  (Il) porphyrin and alkylcobalt(lll) porphyrin molecules in the
protons is generally straightforward. Exceptions to this are the population are preserved, to a first approximation the reaction
olefinic protons of the 5-hexenyl, 4-pentenyl, and 3-butenyl hasAG® = 0 and is an exchange reactithThe reaction is
groups, whose low-intensity multiplets can be difficult to readily followed by*H NMR spectroscopy. lIts rate is sufficiently
observe or obscured by other peaks. slow on the NMR time scale that individual resonances are
The ability of the porphyrin ring current to differentiate the neither shlftgd nor noticeably broadened compared to their
chemical shifts of the inequivalent-geminal protons of ~ @Ppearance in the spectrum of the pure compound. Thus, every
cycloalkyl complexes is noteworthy. For Co(OEP) complexes, fésonance in the spectra of reaction mixtures, which consist of

shift differences of 1.15 and 0.92 ppm respectively are observed U compm:tnds,hcan_ be defilnitively iden(;[ifli)ed dl_ay compar:iso_n
for these protons in axial cyclopropylmethyl and cyclopentyl- to spectra of authentic samples prepared by direct synthesis.

methyl groups. Moreover, the-syn-axial protons of the Solutions used in our investigations of the exchange reaction
2-adamantyl group whos:e{H bonds point toward the were typically 23 mM in porphyrin complex. Lesser concen-
porphryin plane aré 2.28 ppm upfield of thesyn-equatorial trations led to difficulties in observing NMR signals of interest.
protons. This is, even more remarkable given thattkgyn- The upper part of the range was dictated by the maxi_mum
axial protons are typically 0.5 to 0.7 ppm downfield of the solubility of_some complexes. We u_se@l]g as the solyent in
y-syn-equatorial protons in 2-substituted adamant&h®sn most experiments. Exchange reactions are also facilen,C
contrast, the porphyrin ring current does not markedly dif- %3&3’&3?(2;"3:‘% 5’25:;_?32%?ﬁ;;%gfle(g())&%amfgﬁg'es
ferentiate the chemical shifts of geminal cycloalkane protons °

five-coordinate CtH(P*)(CsDsN).
that are farther removed from the cobalt atom. The scope of the alkyl exchange reaction is quite broad. In

‘The synthesis of Co(T2,6FBzOPP)gtsresented special  aqgition to methyl groups, all primary and secondary alkyl
difficulties. We attempted to prepare the complex by the groups investigated were observed to exchange. This included
Grignard routé®7%"Irather than by reductive alkylation because isobutyl and neopentyl, primary alkyls that are sterically
the benzylic ether groups present in the porphyrin can be cleavedindered by an adjacent branched carbon, and the highly
by the reducing agents required to producé(Ep. Aerobic branched 2-adamantyl. Acyl and benzyl groups exchanged, too.
oxidation of Co(T2,6FBzOPP) in methanolic HBr afforded pure  phenyl was the only group for which no trace of transfer could
Co(T2,6FBzOPP)Br in near quantitative yield. Reaction of the pe detected, even at times as long as 4 days after mixing the
latter with a 35-fold excess of methylmagnesium iodide afforded Col'l(P)(CsHs) and Cd(P*) reactants.

a mixture of Co(T2,6FBzOPP)GHCo(T2,6FBzOPP)Br, and R—C0"(P) complexes are susceptible to photochemical
Co(T2,6FBzOPP) in which the desired alkyl complex constituted homolysis of the Ce'C bond. Control experiments with R

less than 50% of the material. The upfield singletdt44 ppm  CH; established that there was no discernible difference in rate
for the axial methyl group of Co(T2,6FBzOPP)gestablishes  or outcome of the alkyl exchange reaction between otherwise
that the ring currents of the four perfluorobenzyloxy groups identical solutions that were prepared and reacted with complete
surrounding the methyl group contribute a further 0.45 ppm of exclusion of light or with exposure to regular intensity room
shielding relative to that in TPP. Attempts to separate the lights. Nonetheless, all experiments were prepared and con-
mixture by chromatography failed. Apparently, the perfluo- ducted under subdued room lights.

robenzyloxy groups on the exterior of the complexes effectively ~ The rate of the alkyl exchange reaction for=RCH;z was

hide the cobalt and its ligand from the support and lead to near too rapid to permit a detailed study of the kinetics, given certain
identical interactions with the chromatographic support. The limitations of our NMR equipment. The initial spectrum could
reductive alkylation route was attempted with a smaller than not be obtained in much less than 10 min after the sample was
normal excess of sodium amalgam. As soon as the color changemixed. At this point in time, the room temperature exchange
suggested reduction to ¢B)~ was complete, the solution was already had completed roughly 2 half-lives of reaction. It was
separated from the amalgam and reacted with excess methyhot possible to initiate the reaction at a controlled low
iodide. ThelH NMR spectrum showed that the product was temperature in the spectrometer cavity by thawing a sample that
predominantly Co(T2,6FBzOPP)GHut also contained small  had been rapidly frozen upon mixing because the NMR control
amounts of products that had lost one or more perfluoroben- software does not permit temperature control until the NMR is
zyloxy ether groups. The singlet at4.44 ppm had a shoulder shimmed and locked on the sample.

and a broad, low-intensity peak on its low-field side. In addition, ~ The reaction quotier® is defined by the expression in eq 7
several small broad peaks were just observable above theand is identical with the equilibrium constattwhen the system
baseline noise betweenl and—3 ppm. Consistent with the  is at equilibrium.Q was determined at a particular time by

262(’;6?:%&;)2123(..; Petersen, J. L.; Stolzenberg, A.IMorg. Chim. Actal997, _ [CO”(P)][R—CO“I(P*)] @)
(68) van Deursen, F. W.; Korver, P. Retrahedron Lett1967, 3923~ [R—Cd" (P)][CO" (P¥)]
3928.
(69) Abraham, R. J.; Fisher, Magn. Reson. Chen1985 23, 862— o .
871. substituting the concentration of each of the four compounds
945(370) Callot, H. J.; Metz, FJ. Chem. Soc., Chem. Comma882 947- in eq 7 with the value of the integration of a well-resolved peak
(?1) Callot, H. J.; Metz, F.; Cromer, Rlow. J. Chim.1984 8, 759— (72) Espenson, J. HChemical Kinetics and Reaction Mechanjsm

763. McGraw-Hill: New York, 1981.
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Table 4. Equilibrium Constants for Alkyl Transfer from trapping of alkyl free radicals (i.e. the homolysis rate is limiting
Co"(OEP)R to CH(P*)* and independent of TEMPO concentration) when the complex
p* R K concentration is 1® M.5873.74Toluene solutions that were 2
TONO,PP Me 0.63 X 1¢5 M in Co(_OEP)CI—i and 2 x 1072 M in TEMPO
TpFPP Me 0.66 monitored by UV/vis spectroscopy were completely unchanged
TPP Me 0.86 after 20 h of reaction in the dark at 2&.7> In contrast, UV
TTP Me 1.20 irradiation of the solution for 1 min resulted in complete
EE iI-EItDr iig’ conversion of the alkyl complex to Co(OEP).
TP Bzl 115 The radical traps bromotrichloromethane and organotin
hydrides proved unsatisfactory for use in the alkyl exchange
soruﬁgnzS °C in GiDs solution unless noted otherwisein CsDsN reaction. Control experiments established that when present in

the large molar excesses required to efficiently trap alkyl
- - radicals, bromotrichloromethane, tributyltin hydride, and triph-
charactensnc of that compound divided by the number of enyltin hydride each reacted directly with cobalt(ll) porphyrins
equivalent protons responsible for that peak. The presence Ofto affect partial conversion to either trichloromethyl- or trior-

pa][famaglnetf O%P) comzotmds_ spe(fads proton Fe'axa“‘_’” ganotin—cobalt(lll) porphyrin complexes. The same complexes
sufficiently that adequate delay times for accurate Integration 54 resylt from reaction of the trapping reagents with alkyl-

were not an issue. . . cobalt(Il) porphyrin complexes. Both series of reactions occur
The Q values of different alkyl exchange reactions were py free-radical mechanisnié. However, the rates of these

examined as a function of time. Initially, the value@thanged  rqcesses are substantially slower than alkyl exchange, even

but then became constant for a considerable period of time. The\yhen a 100-fold excess of trapping reagent is present.

time required to achieve consta@twas small compared to the Alkyl group interchange between radicals of one alkyl and

time required for decomposition of the individual alkyl com- 51 excess of the alkyl halide of a second alkyl, eq 8, was

plexes involved in the reaction. In the worst case, exchange of qemonstrated for alkyliron(lll) porphyrin complexééBecause
the isopropyl group achieved consta@t in 2—3 h while

decomposition typically required 8 h. For a given alkyl group
and pair of porphyrins, the constant valug®ivas independent
of the direction of alkyl transfer. Thus, the alkyl exchange
reactions achieve true equilibria, and the constant valgisf
the equilibrium constar. Values ofK are presented in Table

4. Equilibrium constants could not be determined for alkyl ,p0 o1k ;
yl group. One equivalent each of Co(OEP3@Hd Co-
exchange between Co(TPP) and Co(TTP) complexes. The rpy were reacted in (s in the presence of 100 equiv of

chemical shift differences between the alkyl resonances pf theseCZHsl, i-CaH7l, or n-CsHoBr. The exchange of the methyl group
complexes were too small for adequate resolution and integra-

. achieved equilibrium in the normal time period. Upfield peaks
tion. ) o ) . corresponding to the alkyl groups of Co(P)Et, Coi{#PX\), or
Despite the lack of quantitative kinetic data, some information Co(P)Bu were not detected after 12 h of reaction, a time that
about reaction kinetics was apparent from general observations.CoﬂespondS to more than 100 half-lives of exchange. Exchange
First and most importantly, the differing times to achieve (eactions of Co(OEP)CHand Co(TTP) conducted in GBI,
equilibrium, all other factors held constant, established that the , CDCk solution also provided no evidence of alkyl group
rate of reaction depends on the identity of the R group. The jnterchange between methyl radicals and solvent after 1 day.
rate order was Bzt Me > Et ~ n-Pr > i-Pr> i-Bu > acetyl Alkyl radicals can be captured by CO to afford acyl radicals,
~ neopentyk~ 2-adamantyl. Second, variation of reaction raté eq 9 "The reaction is exothermic and has a sufficiently rapid
with alkyl group was striking for its small range. Under typical  tonward rate constant for R CH; that it can compete with

conditions, exchange of methyl groups achieved equilibrium in r4gical capture by cobalt(ll) tetraazamacrocycle complékes.
about 20 min. Exchange of the bulkiéPr group reached

equilibrium in roughly 2 to 3 h. Even acetyl, neopentyl, and . .

2-adamantyl exchange achieved equilibrium within 12 to 24 h. R'+CO—~RCO ©)

(The exchange of these last three groups was not examined afyg oquilbrium constants for eq 9 are favorable in most cases.

sufficient intervals to determine the typical time to achieve paie constants for decarbonylation of acyl radicals, the reverse
equilibrium more precisely.) Third, within the limited range of eq 9, are small except for benzylic radic8<CO does not

concentrations investigated, equilibrium appeared_ to be ach_ievedoind to or react with cobalt(I) porphyrins. The applicability of
faster for more concentrated rather than more dilute solutlons.using CO as a probe for the presence of alkyl radicals was

Although by r.“r)] rrlleansl conclusive, thl_ls_k\)/v_ould a}ppear to Ze n:jore demonstrated by the rapid thermal conversion of alkyliron(lil)
consistent with the relaxation to equilibrium of a second-order porphyrin complexes to acyliron(lll) porphyrin complexes when
process rather than a first-order proc&sBinally, the identity
of the solvent did not appear to have a noticeable effect on '[het ”(_73)1886':9- T27£2_ Rg?geh G. L.; Mancuso, C.; HalpernQiganome-

: H HH A allics E .

time to achieve equilibrium. (74) Garr, C. D.: Finke, R. GJ. Am. Chem. S0d.992 114, 10440

Mechanistic Probes. (i) Radical Traps.Several reagents that  10445.
can trap or intercept radicals were investigated as probes of the (75) Experiments using 0.8 M TEMPO, a concentration sufficient to trap

: : : : caged radical pairs (see ref 74), were unsuccessful owing to the interfering
involvement of free radicals in alkyl exchange reactions. The j-co- absorption spectrum of TEMPO.

stable nitroxide free radical TEMPO (2,2,6,6-tetramethylpip-  (76) Cao, Y.; Petersen, J. L.; Stolzenberg, A. Morg. Chem.1998
eridinyl-1-oxy) has been used in the kinetic measurement of 37,(?71)7L3%5217% — Chem1992 31 1547-1548

— i iati i i i I, £.; GOott, A. M. Inorg. em.. , — .
Co—C bond dissociation energies. Experiments with several (78) Baka, A Espenson, J. H.: Young, V. G.. liorg. Chem 1992
classes of alkylcobalt(lll) complexes have shown that TEMPO 3149594964,

concentrations of I M are sufficient for completely efficient (79) Fischer, H.; Paul, HAcc. Chem. Re<.987, 20, 200-206.

R+ R—-X—R "+ R-X (8)

alkyl halides do not react with cobalt(ll) porphyrins at any
significant rate, we investigated the course of the alkyl exchange
reaction in the presence of an alkyl halide that had a distinguish-
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Figure 1. Upfield regions of 'H NMR spectra in @Ds: (A)
(5-hexenyl)C# (OEP), (B) (cyclopentylmethyl)G&OEP), (C) 1:1
mixture of (5-hexenyl)C8(OEP) and C&TTP) afte 5 h ofexchange.
The asterisk denotes peaks due to (5-hexenyl)Co(TTP)5Tid, peak
of (5-hexenyl)Co(TTP) is not shown because it was obscured by a
silicone grease impurity peak.

exposed to 1 atm of C&.In addition, acetyl-cobalamin was
produced by photochemical reaction of CO and methyl-
cobalamirf!

Alkyl exchange between Co(OEP)gHENd Co(TTP) was not
affected when the reaction was run under 1 atm of CO. The
upfield singlet of the acetyl group of Co(P)(COgHvas not

detected after 12 h of reaction, a time that corresponds to over
100 half-lives of exchange. In separate experiments, solutions

of Co(OEP)CH or Co(OEP)(-C3H7) were placed under 1 atm

of CO and stored in the dark between acquisition of spectra.

After 2 days, CO had inserted into the €6 bond to afford

the acyl complexes Co(OEP)(COgHor Co(OEP)(COCH-

(CHg),) in less than 2% vyield. The acyl complexes were not

present at detectable levels during the first 12 to 24 h of reaction.
(ii) Cyclizable Probes. The existence of free radical inter-

mediates frequently is examined by use of cyclizable probes,

substrates whose free radicals undergo rapid intramolecular;

radical rearrangments that result in rearranged prodééts.

Stolzenberg and Cao

tylmethyl)cobalt porphyrin. The small baseline features in the
spectrum of (5-hexenyl)Co(OEP) result from the reaction of
Cd(P)~ with the alkyl halide impurities present in the 95% pure
6-bromo-1-hexene reagent.

Trace C of Figure 1 shows the spectrum of a mixture of 1
equiv each of (5-hexenyl)Co(OEP) and'CBTP) after more
than 5 h ofreaction. Neither (cyclopentylmethyl)Co(OEP) nor
(cyclopentylmethyl)Co(TTP) are present in detectable quantities.
Thus, transfer of the 5-hexenyl group from one cobalt porphyrin
to the second must occur with negligible rearrangement if none
of the rearranged products can be observed after roughly 20
half-lives of exchange.

We were unable to obtain (cyclopropylmethyl)Co(OEP) as a
pure compound. Reaction of cyclopropylmethyl bromide with
Cd(OEP) gave a mixture of (cyclopropylmethyl)Co(OEP) and
(3-butenyl)Co(OEP) whose composition varied somewhat in
different preparations. Chromatography was ineffective for
separation of the two complexes. Because a 2:3 mixture was
the best we obtained, it was used to investigate alkyl exchange.
A sample of the mixture was dissolved i and split into
two equal portions. One portion was combined with about 1
equiv of Co(TTP), based on total contained Co(OEP) in the
portion, and monitored by NMR to follow the exchange reaction.
The second portion of the mixture was monitored to follow its
conversion to (3-butenyl)Co(OEP). In the initial phase of the
exchange reaction, peaks due to (3-butenyl)Co(TTP) appeared
and grew in intensity and those due to (3-butenyl)Co(OEP)
decreased in intensity. The equilibrium between these two
compounds was achieved in aboR h time. The peaks
corresponding to (cyclopropylmethyl)Co(OEP) disappeared
completely in 12 to 24 h. Peaks attributable to (cyclopropyl-
methyl)Co(TTP) were present at most at barely detectable levels
a few hours into the reaction. Conversion of the second portion
of the mixture to (3-butenyl)Co(OEP) was not complete in 24
In separate experiments, the exchange reactions of (3-
butenyl)Co(OEP) and (isobutyl)Co(OEP) with Co(TTP) were

These substrates are called free-radical clocks when they aréfX@mined. Exchange of the 3-butenyl group achieved equilib-

used to provide quantitative rate data for radical proce®ses.
Two commonly used cyclizable probe substrates are 1-bromo-
5-hexene and cyclopropylmethyl bromide. The 5-hexenyl radical
cyclizes to the cyclopentylmethyl radical with a rate constant
of 2.2 x 10° s7! at 25°C 84 Rearrangement of the cyclopro-
pylcarbinyl radical is substantially faster. It opens to the
3-butenyl radical with a rate constant of 1x010° to 1.2 x 10°
s 1 at 25°C8586

Authentic samples of (5-hexenyl)Co(OEP) and (cyclopen-
tylmethyl)Co(OEP) were prepared by reaction of (Q&P)
with 6-bromo-1-hexene and cyclopentylmethyl iodide, respec-
tively. The upfield region of théH NMR spectra of the two
complexes are compared in traces A and B of Figure 1. The
complexes are readily distinguished by the number, relative

rium in roughly 2 h, consistent with observations during the
initial phase of the exchange reaction for the mixture. Exchange
of the isobutyl group, which should have a steric size similar
to or slightly larger than the cyclopropylmethyl group, occurred
over a time scale of 3 to 6 h. Thus, transfer of the cyclopro-
pylmethyl group appears to occur predominantly, if not com-
pletely, with concurrent rearrangement to a 3-butenyl group.
(iii) Effects of Sterically Encumbered Porphyrins. We
investigated the effect of increasing the minimum distance of
separation between the cobalt atoms of the porphyrin complex
reaction partners in alkyl exchange by examining the effect of
increasing the steric bulk of the porphyrin. The exchange
reaction can occur at either face of the cobalt(ll) porphyrin.
Hence, steric bulk must be present on both faces of the

intensities, and multiplet patterns of their resonances. The spectradorphyrin.

also show that the (5-hexenyl)cobalt porphyrin produced by
reaction of 6-bromo-1-hexene with B)~ does not contain

detectable quantities of the rearrangement product (cyclopen-

(80) Arafa, I. M.; Shin, K.; Goff, H. M.J. Am. Chem. S0d.988 110,
5228-5229.

(81) Krautler, B. Helv. Chim. Actal984 67, 1053-1059.

(82) Newcomb, M.; Curran, D. FAcc. Chem. Re4.988 21, 206-214.

(83) Griller, D.; Ingold, K. U.Acc. Chem. Red98Q 13, 317-323.

(84) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. £.Am. Chem. Soc.
1981 103 7739-7742.

(85) Newcomb, M.; Glenn, A. GJ. Am. Chem. S0d.989 111, 275-
277.

(86) Bowry, V. W.; Lusztyk, J.; Ingold, K. UJ. Am. Chem. S0d.991,
113 56875698.

Initially, we investigated alkyl exchange reactions with
porphyrins derived from disubstituted benzaldehyde precursors
that were readily available. Substitution of TPP wint-butyl
groups at all eight meta positions slowed, but did not stop methyl
exchange. Under comparable conditions, the exchange reaction
between Co(OEP)CHand Co(T3,5tBuPP) reached equilibrium
in abou 1 h ascompared to about 20 min for exchange between
Co(OEP)CH and Co(TTP). Substituents in ortho positions
produced a greater effect. Exchange between Co(OERaGH
Co(T2,6MeOPP) required abbf h to achieve equilbrium.

The the ortho perfluorobenzyloxy groups of Co(T2,6FBzOPP)
had a substantial effect on the exchange reaction. Solutions of
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Scheme 2
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Co(TTP)CH and Co(T2,6FBzOPP) were prepared and mixed reverse rate constants can be measured independeérntly.
in foil-wrapped glassware under subdued light to prevent general, equilibrium constants for Co(lll) to Co(ll) transfer are
exposure to light. Half of the solution was sealed in an NMR relatively small unless the macrocycles are significantly differ-
tube and allowed to stand continuously under normal room ent. The preference for the less crowg&dethylcobinamide
lights. After 1.5 h of reaction under room light, the singlet due diastereomer showed that the exchange equilibrium is affected
to Co(T2,6FBzOPP)Ckiwas just detectable over the spectral by steric factors.
noise. With time, the singlet grew in intensity and the Co(TTP)- Mechanism of Alkyl Exchange Reaction Several different
CHjs singlet decreased in intensity. Alkyl exchange between mechanisms can be envisioned for the transfer of an alkyl group
these porphyrins appeared to achieve equilibrium in roughly from an alkylcobalt(lll) complex to a cobalt(ll) complex, eq 4.
24 h. The second half of the solution was sealed in an NMR |In some mechanisms alkyl group transfer and electron transfer
tube that was wrapped in aluminum foil and stored in a light- occur concurrently. In others, redox processes are independent
tight container at all times that it was not in the NMR steps. The mechanistic possibilities are enumerated and evalu-
spectrometer probe. The reaction was monitored for 19.5 days.ated in light of the evidence in the following discussion.
At no point during that time was any new upfield peak observed. A homolytic, free-radical process for exchange, Scheme 2,
Consequently, the slow exchange observed in the reactionmyst be considered as a strong possibility in light of the role of
conducted under room lights must be photochemically activated. coenzyme B, as a “reversible free-radical carriéf”Homolysis
Exchange reactions between nearly pure Co(T2,6FBzOPP)-of the Co-C bond could occur either photochemically or
CHs and Co(TTP) were prepared and run as described abovethermally. Scheme 2 explicitly shows a caged radical pair, which
for the exchange in the opposite direction. As above, alkyl can play important roles in the chemistry of radical spet4&8.
eXChange under room I|ghts achieved equilibl’ium in roughly Under conditions in which cage escape is efficient GF@:
24 h. In contrast, only a small amount of Co(TTP)CWkas k_1/[k-1 + kesd is small) and the concentration of &@*) is
present after 13 days of exchange when the reaction was runjarge compared to that of ¢(P), the rate of exchange will be
with total exclusion of light. The Co(TTP)G$present appeared first order in R-Cd'(P). The activation energy for the homolysis
to have resulted from exchange of Co(TTP) with the portion of step is closely related to the bond dissociation en&tgyhich
the Co(T2,6FBzOPP)CHsample whose perfluorobenzyloxy s related to the stability of the alkyl radical. It should be noted
groups had been partially cleaved. The small upfield impurity that the persistent radical effect would be important in the
peaks decreased in intensity relative to the singletad4 ppm presence of intentionally added FOM Co'(P*), a stable
during the experiment. metalloradicaf®9 The effect would suppress the equilibrium
concentration of alkyl free radicals and alkyl radical self-
recombination products will not form to any significant extent.
Alkyl Exchange Equilibria. Our results establish that alkyl The $2 mechanism, Scheme 3, requires a bridged intermedi-
group exchange equilibria are not merely statistical. The ate. Consequently, the reaction kinetics will be mixed second
experimental values df reported in Table 4 are distinguishable order. Because the 3-electron, 3-centered bridged intermediate
from 1.00. However, the energy differences from statistical involves both partial breaking of the original €€ bond and
exchange represented by thésare small. Marginally, the data  partial making of the new CeC bond, the activation energy
suggest that porphyrins that are more electron rich are morewill not be directly related to the bond dissociation energy.
effective competitors for methyl groups. In addition, bulkier R Several mechanisms involving outer-sphere electron transfer
groups favor octaalkylporphyrins over tetraarylporphyrins, which are possible. Two mechanisms that involve -& bond
have more bulk close to the axial R group. These trends arehomolysis to afford an alkyl radical are outlined in egs 10
consistent with but somewhat smaller than those seen for alkyl

Discussion

exchange between cobalt porphyrins and hydroporph$fins. Al oy b AV DY | D%y~
Relatively few reports of equilibrium constants for alkyl R=Co™(P)+ Co(P)—~ R=Cao"(P)" + Co(P) (10)
exchange exist in the literature. Examples include exchange R—CO'V(P)+—>C0'"(P)+ +R (11)

between alkylcobalt(lll) and cobalt(ll) macrocyclic com-
plexes??27:57 methylcob(lll)alamin and cob(ll)inamides or (87) Halper, JSciencel985 227, 869-875
cob(l)inamideg?-3! and methylcob(lll)inamide and nonalkyl (88) Koenig, T. W.; Hay, B. P.; Finke, R. ®olyhedron1988 7, 1499
cobinamides?2 The latter reaction leads to equilibration of the 1516.

a- and 8-diastereomers of methylcob(lll)inamide. Because of §§3§ gg!ﬁﬁmé P 9'¥?r?|fg°g19g§ 7A'r#45é3h‘e1rﬁ9%0 4992 114 2935
the facile exchange of oxime liganéfsequilibrium data for 2943 B A ' ‘

cobaloxime complexes are not available unless forward and (91) Fischer, HJ. Am. Chem. S0d.986 108 3925-3927.
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Scheme 3
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R + Cd(P*)~ — R—Cd'(P*)~ (12) d orbital. On the other handng displacement of a carbocation

from a second RCO0"(P) by Cd(P*)~, eq 21, requires a
cd"(P)" + R—Cd'(P*)” — Cd'(P)+ R—Cd"(P*) (13) subsequent electron transfer to convert the intermedid{®}co
to product C8(P), eq 22. Exchange products may also be
R—Cd"(P)+ Cd'(P*) — R—C0d'(P)” + Cd"(P*)" (14) obtained by an & reaction, eq 23, following the electron
transfer in eq 24.
R-Cd'(P) —Cd(P) +R (15)
R—Cd"(P)+ Cd(P*)~ — Cd(P) + R—Cd"(P¥) (21)
R + Cd"(P*)*" — R-Co"(P*" (16)
R—Cd"(P)" + Cd(P)” —R-Cd"(P)+ Cd'(P) (22)
Cd(P) + R—Cd"(P*)* —cCd'(P)+ R—Cd"(P*) (17)
R—Cd'(P) + Cd" (P —Cd'(P)+ R—Cd"(P*) (23)
through 13 and eqs 14 through 17. Both one electron
oxidatior?2=% and one electron reducti®’ of cobalt in Several reasons lead us to consider the mechanisms involving
alkylcobalt(lll) complexes are known to decrease the-Co electron transfer to be quite unlikely. Electron transfer creates
bond dissociation energy and increase the rate of bond homoly-a charge separation. Singly oxidized organocobalt(lIl) porphyrin
sis, egs 11 and 15, as well as other modes of clea¥fage. complexes have electronic structures that vary between orga-
Although there would appear to be two distinct initial electron- nocobalt(IV) porphyrin and organocobalt(lll) porphyrircation
transfer processes possible, eqs 10 and 14, the necessity toadical and whose nature is affected by the identity of the R
readjust oxidation states after alkyl radical capture by the secondgroup, the solvent, and the presence of axial b&s&ven
cobalt porphyrin links the two. Exchange along eqgs 10 through these, the rate of alkyl exchange would be expected to be quite
13 is seen to be the microscopic reverse of exchange along egsensitive to the identity, polarity, and coordinating ability of
14 through 17, when the distinction between the two different the solvent. This was not observed.®)  intermediates should
porphyrins is ignored. Thus, the following discussion will be be rapidly consumed by reaction with CR@F CD,Cl,, solvents
simplified by including the alternate pathways that follow eq in which exchange proceeded smoothly. Organocobalt(IV)
10 but not the related ones following eq 14. The alkyl radical porphyrin complexes undergo rapid intramolecular rearrange-
also can be captured by a second (B), eq 18, in which case ~ ment to affordN-alkyl Co(ll) porphyrin complexe&>° Such
another electron transfer follows to convert the intermediate species were not produced during alkyl exchange reactions.
Cd''(P)* to product C8(P), eq 19 . Nonhomolytic, bimolecular ~ Finally, it can be estimated that electron-transfer processes in
egs 10 and 14 are disfavored by more than 1.61 and 1.55 V,

R + Cd'(P*) — R—Cd" (P*) (18) respectively?4 Thus, the concentrations of reactive species will
be extremely small.
Co'"(P)+ + Co'(P*)f — Co"(P)+ Co”(P*) (19) Although quantitative rate data for alkyl exchange are not

) ] available, the qualitative data are more consistent with a
processes are also possible foIIovv_mg electron transfer, eq 1O-displacement reaction occurring at thecarbon of the alkyl
Sy2 displacement of a carbocation from—RoV(P)" by group than with a homolytic reaction. Control experiments
Co(P*)" affords an excited state of €@°), eq 20 , that has  conducted in the dark established that alkyl exchange is a
thermal rather than photochemical process. The exchange
reactions are much faster at room temperature than would be
) expected for thermal homolysis of the €6 bond given known
two electrons in the gorbital and one electron in agtderived dissociation energies in organocobalt(lll) porphyrifsThe )
: : exchange rate decreases as the degree of substitution and steric
L gégzégg'fgé‘im" S.; Ishikawa, K.; Tanaka,J.Chem. Soc., Dalton Trans.  hy|k at thea-carbon of the alkyl group increases. The trend is
(93) Ishikawa, K.: Fukuzumi, S.; Tanaka, Thorg. Chem.1989 28, the reverse of that which would be expected for a homolytic
1661—1665. process where increasing substitution would stabilize the alkyl
(94) Fukuzumi, S.; Kitano, T.; Ishikawa, M.; Matsuda, @hem. Phys. radical and lower the activation energy for homolysis. Finally,

19?5‘5)1,7:%@%}3}42. Miyamoto, K.: Suenobu, T.. Caemelbecke, E. V.. the apparent reactant concentration dependence of the relaxation

R—CaY(P)" + Cd(P*)~ — Cd'(P),, g+ R—Cd" (P¥)

Kadish, K. M.J. Am. Chem. S0d.998 120, 2880-2889. of alkyl exchange to equilibrium also is inconsistent with the
(96) Finke, R. G.; Martin, B. DJ. Inorg. Biochem199Q 40, 19-22. homolytic mechanism of Scheme 2.

5997) Martin, B. D.; Finke, R. GJ. Am. Chem. 504992 114 585~ The variation in rate with alkyl group observed for cobalt
(98) Shi, S.; Bakac, A.; Espenson, J.IHorg. Chem1991, 30, 3410~ porphyrins is qualitatively similar to that observed for alkyl

3414, exchange reactions of cobaloxime compodhdsd organoco-
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balt Schiff-base compoundd.Moreover, at similar reactant
concentrations the half-times to achieve equilibrium for methyl
exchange appear to be comparable (within roughly an order of
magnitude) for cobaloxime, cobinamide’? and cobalt porphy-

rin complexes. The complete failure of phenyl groups to transfer
and the sluggishness of acyl group transfer in both porphyrin
and Schiff-base systems is noteworthy. The quantitative variation
in rate with alkyl group appears to be considerably smaller for
cobalt porphyrin compounds than for cobaloxime compounds.
For cobalt porphyrins the ratio of rates of exchange for methyl
and isobutyl groups is about 20 and for methyl and neopentyl
groups is approximately 2(qalthough see caveat, below). In
contrast, exchange of a methyl group is roughl§ tiies faster
than exchange of an isobutyl group for cobaloxime complékes.

Alkyl exchange in cobinamides appears to have an even larger

variation of rate with alkyl group. Groups larger than methyl

do not exchange thermally and thus must have rate constants

at least several orders of magnitude sma#érhe variation in
rate for alkyl exchange of alkylcobalt porphyrins also appears
smaller than that for typical & reactions where the ratio of
methyl to isobutyl exchange rates is318nd of methyl to
neopentyl is 3x 10°.%° These observations may suggest that
steric interactions are less significant in the transition state for
alkyl exchange of cobalt porphyrins than in that of either
cobaloximes or @& reactions.

The existence of free-radical intermediates in alkyl exchange
reactions was investigated by use of several different radical
traps. Attempts to transfer the radical chain by flooding the
exchange reaction with an alkyl halide of a distinct alkyl group,
eq 8, were unsuccessful. In addition, CO did not trap alkyl
radicals by conversion to acyl radicals, eq 9. Acetylcobalt(lll)

porphyrin complexes appeared in the reaction mixture at a rate

that was between 3 and 4 orders of magnitude slower than alkyl
exchange. In this context, it is noteworthy that exchange of acyl
groups between cobalt porphyrins occurs under arafsho-

sphere without detectable decarbonylation of the acyl complexes

to afford the corresponding alkyl complexes. Thus, if alkyl and
acyl radicals are intermediates in the exchange reactions, th
failure of CO to trap alkyl radicals cannot reflect the instability

and lability of the acyl radical.

One might argue that the failure to trap alkyl radicals in the
presence of added &@*) is a consequence of the persistent
radical effect. In other words, the traps fail to compete with
Cd'(P*) in capture of radicals. However, the failure after 20 h
of 1072 M TEMPO in the absence of added 'GB*) to trap
any methyl radicals that should form by homolysis of 101
Co(OEP)CH eliminates this possibility. If the mechanism in
Scheme 2 occurs, the half-life for homolysis of the dilute Co-
(OEP)CH; solution should be less than or equal to the half-life
for alkyl exchange under typical conditions, given that-@»
bond homolysis is a first-order process. Thus, the TEMPO

J. Am. Chem. Soc., Vol. 123, No. 37,92801

Scheme 4

C Co'(P¥)
(\

Céoep) Cco'(P)

multiple complete alkyl exchanges to have occurred. In contrast,
alkylation of Cd(OEP) with cyclopropylmethyl bromide
afforded a mixture of (cyclopropylmethyl)Co(OEP) and (3-
butenyl)Co(OEP). Exchange experiments with the mixture show
that transfer of the cyclopropylmethyl group occurs predomi-
nantly, if not completely, with rearrangement to a 3-butenyl
group.

The apparent contradiction in results between the hexenyl
and cyclopropylmethyl cyclizable probes can be rationalized
in one of two different ways. If the mechanism in Scheme 2
applies and radicals are involved in the reaction, the results
would require that the lifetime of the radicals prior to capture
be too short for 5-hexenyl to cyclize to cyclopentylmethyl but
long enough for cyclopropylmethyl to open to 3-butenyl. There
is about a 5x 1(? difference in the first-order rate constants
for rearrangement of the radicals, so this might be possible.
Further reflection suggests, though, that the lifetime cannot be
that of a free radical but rather must be that for diffusion of a
radical from one porphyrin to a second within a solvent cage.
Given that colligation rate constants for the second-order capture
of CHz* by cobalt(ll) macrocycles are {4) x 18 M1 s1

and are relatively insensitive to steric effects of the alkyl
radical{9%191the roughly (+3) x 10-3 M concentration of
cobalt(Il) porphyrins in solution would lead one to expect an
observed first-order rate constant for capture of free radicals of
ko [CO'(P*)] ~ (1—-12) x 10°s™L. The 2.2x 10° s~ first-order

rate constant for rearrangement of 5-hexenyl radicals, an
irreversible process, is comparable in size. Thus, significant

Sevels of rearrangement should be observed if the reaction time

is extended to multiple half-lives for exchange. This was not
the case. The second rationalization is that the 3-butenylcobalt-
(1) porphyrin is a product of a bimolecular attack of a cobalt-
(1) porphyrin on a cyclopropylmethylcobalt(lll) porphyrin at
one of the carbong to the cobalt, resulting in opening of the
cyclopropyl ring and displacement of the originally attached
cobalt porphyrin, Scheme 4. The reaction is analogous to the
S42' reaction in which an organic radical attacks atjthearbon

of a 3-substituted allylcobaloxime(lll) and displaces a co-
baloxime(ll) to afford a 3-substituted 1-butett?? Radical
attack on cyclopropyl rings is known to cause homolytic opening
of the ring193-105 A reversible reaction like that in Scheme 4
was proposed as the mechanism for the equilibration of

trapping experiment, whose duration was more than 100 times 1-methylbut-3-enylcobaloxime and  2-methylbut-3-enylco-

the half-life of alkyl exchange, provides strong evidence against
a significant role for free radicals in alkyl exchange.

Experiments with cyclizable probe substrates appeared to give

contradictory results. Alkylation of G@EP) with 6-bromo-
1-hexene afforded (5-hexenyl)Co(OEP) cleanly, a result that
establishes alkylation of cobalt(l) porphyrin by primary alkyl
bromides proceeds via an&reaction rather than an electron
transfer, free-radical mechanism. No rearranged cyclopentyl-

methyl products were detected during alkyl exchange reactions22

of the 5-hexenyl group, Figure 1C, even at times sulfficient for

(99) Streitweiser, ASobkolytic Displacement ReactionMcGraw-Hill:
New York, 1962.

baloximé? and is consistent with observations made during
the isomerizations of cyclopropylmethylcobalafffnand cy-

(100) Bakac, A.; Espenson, J. khorg. Chem.1989 28, 4319-4322.
(101) Bakac, A.; Espenson, J. hhorg. Chem.1989 28, 3901-3904.
(102) Bury, A.; Cooksey, C. J.; Funabiki, T.; Gupta, B. D.; Johnson, M.
D. J. Chem. Soc., Perkin Trans.1®79 1050-1057.
(103) Shea, K. J.; Skell, P. 3. Am. Chem. Sod973 95, 6728-6734.
(104) Upton, C. J.; Incremona, J. Bl.Org. Chem1976 41, 523-530.
(105) Wiberg, K. B.; Waddell, S. T@. Am. Chem. So&99Q 112 2194~

(106) Bury, A.; Ashcroft, M. R.; Johnson, M. D. Am. Chem. So&978
100, 3217-3219.

(107) Chemaly, S.; Pratt, J. M. Chem. Soc., Chem. Commu®.76
988-989.
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clopropylmethylcobaloximé@® to their respective 3-butenyl
complexes. A nucleophilic attack of a cobalt(l) porphyrin anion
on initially formed cyclopropylmethylcobalt(lll) porphyrin

Stolzenberg and Cao

Literature evidence supports the first contention. The
methoxy groups of F§T(2,4,6-MeO}PP] prevent formation
of u-peroxo angu-oxo complexes upon reaction with,but

analogous to the homolytic attack in Scheme 4 could explain the mmethoxy groups of FgT(3,4,5-MeO}PP] do not!”

why the alkylation reaction using cyclopropylmethyl bromide

X-ray data foru-oxo compounds [Fe(TPRY) and [Fe(TPCYO

invariably produces a mixture that contains (3-butenyl)cobalt- show that the 24-atom mean porphyrin plane to bridging oxygen

(11 porphyrin.

distance should be roughly 2.3 A (typical plane to Fe distances

It should be possible to differentiate between the two of 0.54 A plus Fe-O distances of 1.76 A}t8 Thus,o-methoxy

mechanistic possibilities suggested above. Th&r8echanism
absolutely requires a bridged transition state that has-a Co

groups on two adjacent porphyrins are sufficiently large to
prevent an approach as close as 4.6 A, plane-to-plane. The mean

C—Co linkage. Radical transfer in a solvent cage only requires plane to C distances in alkylcobalt(lll) porphyrin complexes
that both cobalt porphyrin complexes be in the cage. Thus, useare roughly 2.08 A (plane to Co distances of 0.10 A plus-Co

of a porphyrin that is sufficiently sterically encumbered to

distances of 1.98 Aj7119 Structural data for several trigonal-

prevent formation of the bridged transition state must stop alkyl bipyramidal methyl groups that linearly bridge two Al or Zr

exchange if it occurs by any8 mechanism. A sterically

metal centers establish that the@ distances in these 3-center

encumbered porphyrin would only slow a radical exchange 2-electron systems are roughly 0.2 A longer than terminalav
process in a solvent cage by increasing the distance that thedistances?®-123 Thus, the Ce-C distance in the 3-center

radical must diffuse.

3-electron Ce-CHs;—Co bridged transition state is expected to

Two major challenges had to be overcome to realize an be 2.3 A or longer. If ortho substituents are present on only
experimental implementation of this strategy. First, the sterically one of the two porphyrin partners in the exchange reaction, it
encumbered porphyrin employed in the experiments must havemay be reasonable that a group larger than methoxy is required
steric bulk on both faces of the porphyrin because the exchangeto prevent formation of a bridged transition state.

reaction can occur at either face of the cobalt(ll) porphyrin.

Next, we investigated alkyl exchange reactions with porphy-

Although numerous porphyrins have been prepared that have ains that had significantly larger steric superstructures. No

steric superstructure on one face of a porph¥ifri1orelatively

evidence of exchange between Co(TTP}Cahd Co(T2,-

few porphyrins have been synthesized that have steric super-6FBzOPP) could be detected after 19.5 days of reaction in

structures on both facés! We chose to utilize tetraarylpor-
phyrins with ortho-disubstituted or meta-disubstituteelsearyl

complete darkness. If one conservatively assumes that the lower
limit of detection of exchange is 5% conversion to Co(T2,-

groups because precedents exist that make planning a successf@BzOPP)CH, this observation corresponds to a decrease in

synthesis of these compounds relatively straightforvird16

the rate of methyl exchange by more tharx 7.0%. Exchange

The second challenge is to select a steric superstructure that igeactions of these complexes conducted under room lights led

sufficiently large to prevent formation of the bridged transition

to observation of a new singlet at4.44 ppm. This was

state, but not so large as to prevent synthesis of the stericallytentatively assigned as the methyl peak of Co(T2,6FBzOPP)-

encumbered porphyrin or its alkylcobalt(lll) complex. We first
examined “off-the-shelf” porphryins of this type that had simple

CHs, which had not been independently prepared at the time of
this experiment. However, the larger upfield chemical shift of

substituents and were either commercially available (T3,5tBuPP)this singlet compared to the methyl resonances of other
or could be prepared from a disubstituted benzaldehyde precur-methylcobalt(lll) tetraarylporphyrin complexes was of concern.

sor that was readily available (T2,6MeOPP). If necessary, larger

structures would be prepared and attached tonttesearyl

The kinetic analysis above implicitly assumes that the
thermodynamics of the exchange reaction are favorable. The

groups by an aryloxy ether linkage, a synthetic strategy that is analysis would be incorrect if Co(T2,6FBzOPP)gkhs either

well precedented!~116

so unstable as to be inaccessible or sufficiently unstable relative

Simple substituents at all ortho or meta positions slowed the to Co(TTP)CH that detectable levels of Co(T2,6FBzOPP)CH
alkyl exchange reaction but did not prevent it. The exchange Would not be present at equilibrium. Thus, Co(T2,6FBzOPP)-

reaction between Co(OEP)GHind Co(T3,5tBuPP) required

CHs was synthesized directly to confirm the NMR assignment

roughly 3 times longer to reach equilibrium than exchange and to demonstrate that its exchange with Co(TTP) was slow

between Co(OEP)CHand Co(TPP). The-methoxy groups of
Co(T2,6MeOPP) slowed exchange with Co(OEP}dy a

and did not go to completion to form exclusively Co(TTP)-
CHs. The presence of the-perfluorobenzyloxy ether groups

factor of 6 relative to Co(TPP). Thus, these substituents are caused difficulties that prevented us from obtaining pure samples

either insufficienly large to block formation of a bridged
intermediate or cage transfer occurs.

(108) Atkins, M. P.; Golding, B. T.; Sellars, P.J.Chem. Soc., Chem.
Commun.1978 954-956.

(109) Baldwin, J. E.; Perlmutter, Fop. Curr. Chem1984 121, 181
220.

(110) Morgan, B.; Dolphin, DStruct. Bonding (Berlin1987 64, 115—
203.

(111) Wagner, R. W.; Ruffing, J.; Breakwell, B. V.; Lindsey, J. S.
Tetrahedron Lett1991 32, 1703-1706.

(112) stabli, B.; Fretz, H.; Piantini, U.; Woggon, W.-IHelv. Chim.
Acta 1987 70, 1173-1193.

(113) Lindsey, J. S.; Schreiman, I. C.; Hsu, H. C.; Kearney, P. C;
Marguerettaz, A. MJ. Org. Chem1987 52, 827—-836.

(114) Lindsey, J. S.; Wagner, R. 0. Org. Chem1989 54, 828-836.

(115) Lindsey, J. S. IThe Porphyrin Handbogk<adish, K. M., Smith,
K. M., Guilard, R., Eds.; Academic Press: San Diego, CA, 2000; Vol. 1,
pp 45-118.

(116) Jin, R.-H.; Aida, T.; Inoue, Sl. Chem. Soc., Chem. Commun.
1993 1260-1262.

of Co(T2,6FBzOPP)CH Side products were present that had
lost one or more ether groups by reductive cleavage while in
contact with the sodium amalgam during reduction to cobalt-
(). Nonetheless, our results demonstrated that Co(T2,6FBzOPP)-
CHs is accessible and has reasonable stability in solution.

(117) Latos-Grazynski, L.; Cheng, R.-J.; La Mar, G. N.; Balch, AJL.
Am. Chem. Sod 982 104, 5992-6000.

(118) Strauss, S. H.; Pawlik, M. J.; Skowyra, J.; Kennedy, J. R.;
Anderson, O. P.; Spartalian, K.; Dye, J.Inhorg. Chem.1987, 26, 724~
730.

(119) Summers, J. S.; Petersen, J. L.; Stolzenberg, Al.Mm. Chem.
Soc.1994 116, 7189-7195.

(120) Waymouth, R. M.; Santarsiero, B. D.; Grubbs, RJHAm. Chem.
Soc.1984 106, 4050-4051.

(121) Waymouth, R. M.; Potter, K. S.; Schaefer, W. P.; Grubbs, R. H.
Organometallics199Q 9, 2843-2846.

(122) Chen, Y.-X.; Stern, C. L.; Yang, S.; Marks, T.J.Am. Chem.
Soc.1996 118 12451-12452.

(123) Ihara, E.; Young, V. G., Jr.; Jordan, RJFAm. Chem. So¢998
120, 8277-8278.
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Exchange reactions between Co(T2,6FBzOPR)&tti Co-
(TTP) run in complete darkness were extremely slow. Small
amounts of Co(TTP)Ck were detected after 13 days of

J. Am. Chem. Soc., Vol. 123, No. 37,92891

A comparison of the alkyl exchange reactions of iron
porphyring! and with those of cobalt porphyrins is informative.
The Fe-C bond dissociation energies of organoiron(lll) por-

exchange. However, this appeared to result from reaction of phyrins are 16-15 kcal/mol weaker than the corresponding

Co(TTP) with the portion of the sample that had suffered partial
cleavage of perfluorobenzyloxy groups rather than from reaction
with intact Co(T2,6FBzOPP)CH Thus, the apparent slow

exchange is truly a kinetic phenomenon rather than a thermo-

dynamic one.

The enormous slowing, if not outright cessation, of the
thermal exchange reaction caused by blocking the porphyrin

Co—C bonds of organocobalt(lll) porphyridd* The $2
mechanism is not available to iron(Il) because it does not have
the correct orbital population. Thezarbital, which is used in
forming the metat-carbon bond, is vacant. The alkyl exchange
reactions of alkyliron(lll) porphyrins with iron(Il) porphyrins
were reported to proceed by a homolytic mechanism. This
conclusion was based upon the similarity of the time scales of

faces revealed the existence of a slower photochemical exchang@lky! exchange and such radical-based reactions as CO *inser-
reaction. At the intensity of normal room lights, the photo- tion”,%® alkyl group interchange with iodoalkan&sand me-
chemical exchange reaction required roughly 24 h to achieve tathesis with tributyltin hydrldé35 Despite the different reaction

equilibrium. Clearly, the photochemical exchange is much too
slow to contribute to the exchange reactions of benzyl, methyl,
primary, and secondary alkyl groups. However, given that the
time required to achieve equilibrium for the slow exchange

mechanisms, the time scales of the alkyl exchange reactions of
iron and cobalt porphyrins appear to be quite similar. Thus, the
binding of the second cobalt porphyrin to the alkyl group in
the Co-C—Co bridged transition state and the earlier placement

reactions of acetyl, 2-adamantyl, and neopentyl groups was notof the transition state along the €& bond homolysis pathway

precisely defined and the reactions were not carried out with
total exclusion of light, it is not clear whether these exchanges

combine to compensate for the unfavorable activation entropy
of assembling the | transition state and stabilize it by about

proceed by a thermal mechanism, a photochemical mechanism10—15 kcal/mol relative to homolysis.

or a combination of both.

In summary, the evidence presented in this paper is com-

pletely consistent with an® mechanism for the thermal alkyl
exchange reaction. The facility of the reaction is greater than
would be expected if the CeC bond dissociation energy was

the major contribution to the activation energy. The dependence

of reaction rate on alkyl group structure is that which corre-

The wide variations in the sensitivity ofy3 reactions of
different cobalt macrocycles to the steric bulk at thend
positions of the alkyl group is remarkable and important. Groups
larger than methyl do not transfer by apn2Smechanism for
corrinoids32 A wider range of groups transfer for cobaloximes,
but the sensitivity to the alkyl structure is greater than that of
the typical &2 nucleophilic displacement reactiéhin contrast,

sponds to steric effects on a displacement reaction rather tharPUr results show that alkyl exchange reactions of cobalt
stability effects on radicals in a homolysis reaction. The apparent POrPhyrins have a rather limited sensitivity to the alkyl structure.

concentration dependence of the time required to relax to

The variation in sensitivity could reflect the extent to which

equilibrium suggests the exchange reaction has second-ordethe substituents on the outsides of the pair of cobalt macrocycles

kinetics. The facility and similarity of rates of exchange in

reach into the region between them to contact the substituents

several different solvents is inconsistent with mechanisms that ©" the bridging carbon in the.@ transition state. Corrinoids

lead to significant polarization or charge separation in transition
states or intermediates. All attempts to trap or find evidence of

radical intermediates were unsuccessful. Use of a porphyrin with

steric encumberance sufficient to prevent formation of aCo

C—Co bridged transition state decreased the rate of the reaction

by approximately 5 orders of magnitude, if not more. The
existence of the photochemical pathway, which presumably
involves homolysis to alkyl radicals, shows that the steric
superstructure of this porphyrin does not prevent radical
diffusion, in or out of a solvent cage.

Implications of This Work. We established here that alkyl

exchange reactions of cobalt porphyrins and tetrapyrroles

proceed by a bimoleculary@ mechanism, Scheme 3. As such,

the exchange reactions can be viewed as group transfer reaction

or equivalently as alkyl-bridged, inner-sphere electron-transfer
reactions. Carbon is now numbered among the other element
for which atom transfer reactions involving metalloporphyrins
have been demonstrated. These elements include hal&géfts,
nitrogent26-129 gxygen!30-132 gylfur,132.133and selenium32133

(124) Cohen, I. A.; Jung, C.; Governo, J.Am. Chem. Sod.972 94,
3003-3005.

(125) Chapman, R. D.; Fleischer, E. B. Am. Chem. S0d.982 104,
1582-1587.

(126) Bottomley, L. A.; Neely, F. LJ. Am. Chem. So2989 111, 5595~
5597.

(127) Woo, L. K.; Goll, J. GJ. Am. Chem. Sod989 111, 3755~
3757.

(128) Woo, L. K.; Czapla, D. J.; Goll, J. Gnorg. Chem.199Q 29,
3915-3916.

(129) Woo, L. K.; Goll, J. G.; Czapla, D. J.; Hays, J. A.Am. Chem.
So0c.1991 113 8478-8484.

S

and cobaloximes both are flexible and have groups that could
project into this region. Porphyrins, on the other hand, are more
rigid flat molecules whose substituents are also further removed
from cobalt and from the bridging region of the transition state.
Only the methyl groups of the ethyl substituents can project up
from the macrocycle plane in OEP complexes. The greater steric
bulk of corrinoids in the Ce-C region compared to porphyrins
is supported by results of an investigation of the reaction of
their cobalt(l) complexes with secondary alkyl halides. The
reaction mechanism was reported to shift frogR Sor por-
phyrins to electron-transfer, free radical for corrinoids because
of the latters’ steric bulk3®

Espenson and co-workers discounted g8 Siechanism for
tshe carbon-carbon bond forming reaction that occurs when
aliphatic free radicals react with alkylcobaloximés.They
concluded from the literature that ary2 mechanism must
exhibit marked sensitivity to the bulk of the alkyl group on
cobalt. Our results show that this need not be true. Thus, the
Su2 mechanism should be reconsidered for the above reaction.

(130) Woo, L. K.; Hays, J. A.; Goll, J. Gnorg. Chem199Q 29, 3916—
3917.

(131) Woo, L. K.; Gall, J. G.; Berreau, L. M.; Weaving, R.Am. Chem.
S0c.1992 114 7411-7415.

(132) Woo, L. K.; Hays, J. Alnorg. Chem.1993 32, 2228-2229.

(133) Berreau, L. M.; Woo, L. KJ. Am. Chem. S0d.995 117, 1314~
1317.

(134) Riordan, C. G.; Halpern, horg. Chim. Actal996 243 19-24.

(135) Song, B.; Goff, H. MInorg. Chem.1994 33, 5979-5980.

(136) Zhou, D.-L.; Walder, P.; Scheffold, R.; Walder, Helv. Chim.
Acta1992 75, 995-1011.

(137) McHatton, R. C.; Espenson, J. H.; Bakac,JAAmM. Chem. Soc.
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Cobalt(l) complexes have been termed supernucleophilestreated to remove traces of water and acid immediately before use by
because of their excellence as nucleophilesya i®actiong38 passage down a dry column of grade | basic alumina. The initial
This is attributed to the high polarizability and charge density runnings were discarded.
of an electron pair in the 3dorbital, which also has a greater The mesetetraarylporphyrins HTPP), H(TTP), H(TpFPP), and
spatial extent than the Bfybrid HOMOs of many typical ~ HATPNO:PP) were prepared from pyrrole and the appropriate substi-
nucleophiles. Cobalt(l) complexes are also reasonably goodtUted benzaldehyde by the Adler-Longo methiti(T2,6MeOPP)
leaving groups. Methyl-coenzymef and methioningare both was prepared from pyrrole and 2,6-dimethoxybenzaldehyde by the

. h - Lindsey method!*H,(OEP) was prepared by literature methétid,-
fo_rmed biosynthetically by .HUdeO.phI“C attaclf of the relate_d (T3,5tBuPP) was purchased from Strem. The cobalt(ll) complexes of
thiolate on methylcobalamin, which results in cob(l)alamin

. . ’ the above porphyrins were prepared by literature metkBd3rgano-
displacement. Nucleophiles also displace cobalt(l) complexes conait(ily porphyrin complexes were prepared by reaction of the anionic

from alkylcobaloximes and aIkyIcorrinoid§ in vit?é’_30:140The _ cobalt(l) complex of the porphyrin with an alkyl, aryl, benzyl, or acyl
facility of the Si2 alkyl exchange reactions studied herein halide. Procedures and purification methods were described previ-
suggests that cobalt(ll) complexes are both excellent radical ously5767
(1e7) nucleophiles and radical leaving groups. It is likely that ~ Exchange ReactionsExchange reactions were run in NMR tube
this stems from the similarity of the electronic configurations scale reactions in deuterated solvents. Solutions of individual complexes
and properties of cobalt(ll) and cobalt(l), which differ in having in exchange reactions were prepared at specific concentrations in the
a half-filled 3d2 orbital rather than a completely filled one. solvent of choice in the drybox. Concentrations typically ranged between
The low activation energy for {® alkyl exchange of 1 x 107°and 3x 10°® M. Measured volumes of a solution of an
organocobalt(lll) tetrapyrroles and tetraazamacrocycles with @lkylcobalt(lll) porphyrin and of a solution of a cobalt(lf) porphyrin
their respective cobalt(ll) complexes and the ability of the were transferred to an NMR tube. The tube was capped and the contents
. . were quickly and thoroughly mixed. The tube was immediately removed
cobalt(ll) complexes to function as good leaving groups suggest

h displ fth b h dical from the drybox and loaded in the spectrometer without delay. If the
that 42 displacement of the organo group by other radica reaction was intended to be monitored over an extended time, either

species also should be facile. Indeed, the steric contacts in thene NMR tube used was sealed off under vacuum or an NMR tube
bridged transition state should be much reduced if a typical blown onb a J Young rotary valve was used for the reaction. Some
radical species replaced one of the pair of cobalt macrocyclesreactions were run with total exclusion of light. Glassware used for
in the alkyl exchange reaction. Precendents for radical displace-these reactions was wrapped with aluminum foil and solution prepara-

ments at organocobaloximes already eXigt*+143 provided tion and transfer in the drybox was performed under minimal lights.
the reconsideration of mechanism that we suggested above igNMR tubes for these reactions were kept wrapped in foil and stored in
correct. a light-tight container at all times that they were not in the NMR

spectrometer probe. Tubes were loaded into the spectrometer and NMR
data acquired with the room lights off.

H NMR spectra (270.17 MHz) were recorded on a JEOL Eclipse
270 spectrometer. The control software did not permit temperature

lcobalamin must be considered as a viable mechanism. t0o control until the instrument was shimmed and locked on the sample.
y ’ 'A frozen sample would thaw and come close to room temperature

Alkylations with groups larger than methyl may also be possible. ying this process. Thus, it was not possible to study the initial part
Such groups could be transiently bound to corrinoids prior to f the exchange reaction by rapidly freezing a reaction mixture upon
displacement by other radicals. mixing and thawing in the probe. The initial spectrum could not be
obtained in much less than 10 min after mixing.
The exchange reactions were examined at selected time intervals.
Materials. Reactions, recrystallizations, and sample manipulations Equilibrium constants were calculated from the ratios of the integrations
were carried out on a vacuum line, under a nitrogen atmosphere with of selected'H resonances of the two diamagnetic alkylcobalt(I1)
standard Schlenk techniques, or in a Vacuum/Atmospheres drybox.complexes and the two paramagnetic cobalt(ll) complexes. Assignment
Organocobalt(lll) complexes were handled under subdued lights. Of the resonances in the spectra of the mixtures was straightforward,
Reagents and solvents were of reagent grade or better. Alkyl halidesgiven that the four individual complexes had been independently
were examined for purity and distilled if necessary. Cyclopentylmethyl prepared and spectroscopically characterized.
iodide was obtained by reaction of cyclopentanemethanol with iodine,

The known biosynthetic methylation reactions of methylco-
balamin proceed by heterolytic cleavage of the metigd bond
in nucleophilic substitutions. Our results suggest that homolytic
biosynthetic methylation involving radical species and meth-

Experimental Section
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