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Reaction pathways leading to the formation and cleavage of a

transition metal-carbon bond at various oxidation states of the metal

occupy a central position in understanding many enzymatic reactions and

designing catalysts.

Part I focuses on the homolysis vs. heterolysis of a C-Ct(III)

bond. Rate constants of homolysis and heterolysis of the C-Ct(III)

bonds along with corresponding AH+ and &S+ were measured by ESR and

stopped flow techniques. Factors favoring one pathway over another to

cleave a C-Ct(III) bond are discussed.

Part II describes a unique chain reaction and a SE2 reaction

= between 12 and RCrT,2+. The molecular structure of RCrL 2+, determined by

x-ray diffraction for the first time, provides clearly a structural

basis for the reactivity discussions.

Part III concerns the oxidation of organochromium(lll) complexes

by dihalide and pseudo-dihalide radical anions generated by pulse

radiolysis. The reaction mechanism and reactivity trend are discussed.



Pa_ IV concentrates on the oxidation mechanism of RCrL(H20) 2+

and the fate of RCr(H20) 3+ as well as the corresponding reduction

potentials. An outer-sphere electron transfer mechanism was

established. A facile C-Ct(IV) bond hemolyses was discovered along with

its negligible heterolysis. Reduction potential of Ei/2(RCrIV/RCrIII)

and the relavent self exchange rate constant kll were estimated by a

kinetic method.

In Part V the study is extended to organocobalt complexes with

attention turned to reduction induced cleavages of a transition metal-

carbon bond. Electrochemical methods in conjunction with ESR, NMR, and

GC-MASS are used to reveal evidence of novel reactions -- reduction

induced hydrogen atom transfer and reduction induced alkyl group

migration. Part V also concerns the kinetics of reductions of the

organocobalt compounds by a nickel(I) complex.

In Part VI, the crystallization of [(CH3)4N][Co(dmgBF2)2py ] and

its molecular structure determined by X-ray diffraction are described.

The CoI-Neq distances are unusually short (1.839 A), even shorter than

the corresponding bond (1.878 A) in the cobalt(II) analogue. Reasons of

this unusual Co-N bond shortening is discussed along with the electronic

structure of the d8 cobalt(1) anion.
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GENERAL INTRODUCTION

Part I: OrEanochromlum(III) Macrocycles. Controlled Homolytic vs.

f

Heterolytlc Scission of the Cr(III)-C Bond.

Reason to Study: Little Is known about the factors that alternate

pathways of the cleavage of a metal-carbon bond (homolysls rs,

heterolysls) In dark reactkons. A full understanding of these factors

could lead to new means to control the release of free radicals from

their precursors in many chemical processes.

Coneluslon: Factors that make a M-C bond more polar tend to inhibit

homolysls and enhance heterolysis. Alternation of the pathways can be

achieved by modification of the R group, equatorial ligand L, and trans

group A (of RML(A)n+). According to thls understanding, a molecular

"switch" has been successfully built Into an organochromlum complex for

the first tlme to control the pathway of the scission of a Cr-C bond. (A

water molecule was put at the position trans to a Cr-C bond as in

RCrL(H20) 2+ complexes, and its deprotonation (to RCrL(OH) +) and

reprotonation was used to "switch" off and on the homolysls and

heterolysls of the Cr-C bond, i.e., RCrL(H20) 2+ + H20 -_ R" +

CrL(H20)22+; RCrL(OH) + + H20 --_RH + CrL(OH)2)). Replacement of the

macrocyclic ligand L by H20 at equatorial positions (i.e., RCr(H20)52+

vs. RCrL(H20)2+ ) decreases Cr-C bond polarity and thus largely enhances

the homolysis of the Cr-C bond (both in te£ms of rate constant, kh, and
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in terms of Hammett coefficient, p). The parallel relationship between

bond polarity and the change of decomposition pathway can be understood

in terms of orbital energy difference AE = E[eg*(Cr)] - E[_(R)] since 6E

controls the Cr-C bond polarity and the susceptibility of the internal

electron transfer (from a formal carbanion to a formal ehromlum(III) as

shown in eq (I)) which accompanies the homolysis.

The reaction scheme is shown in eqs (I) and (2),

HTMPO

-- > R-HTMPO

RcrlIIL(H20)2+ + H20 kl__> R" + CrlIL(H20)22+ (I)

> RBr + Co(aq.) 2+ + 5NH 3

(NH3)sCoBr2+

k,

RcrlIIL(OH) + + H20 -_RH + CrIIIL(OH)2 (2)

I

(where R = CH3, C2H5, I-C3H 7, I-C4H 9, 2-C3H 7, 2-C4H 9, 4-CH3C6H4CH 2,

C6H5CH 2, 4-BrC6H4CH2).

RCrL(H20)2+ was prepared by radical capture reaction,

RX + CrL(H20)22+ -->-R" + XCrL(H20) 2+ (3)

R" + CrL(H20)22+ -->RCrL(H20)2+ + H20, (4)

(L=[15]aneN 4 or (H20)4) and purified by ion-exchange. Due to the

existence of the back reaction of eq (i) radical scavengers (HTMPO" or

BrCo(NH3)52+) were used to draw the homolysis to completion. The kI step

is rate limiting. Reactions were monitored by ESR and spectrophotometry.



Products were detected by GC and UV-vis spectra. The heterolysls rate is

independent of [OH-] and [H30+], and has no D/H isotope effect,

confirming that k2 step is unimolecular. So both AH_ 1 and _H_ 2 represent

fairly good estimations of the Cr(III)-C bond enthalpies toward homolysis

and heterolysls _'espectively. ki (i=i,2) of various RCrL(H20) 2+ and

RCrL(OH),+ were measured at 25 OC, and _B+"i, AS+ i were obtained by

temperature dependence of kinetic measurements leading to the above

conclusions.
l

• Part II: Mechanistic Study of the Organochromium Macrocyclic

Complexes/! 2 Reactions.

Reason to study: Little is known about chain reactions in which an

oxidation-induced M-C bond homolysis is involved to sustain the chain.

Fundamental knowledge of such reactions is badly needed to understand

reactivitles of M-C bonds fully.

Conclusion: The first example that an oxidation induced M-C bond

homolysis serves to sustain a chain reaction was demonstrated by this

s_udyo The overall rate law is,

_d[RCrL(H20)2+]/dt = kch[I2JI/2lRCrL(H20)2+] 3/2 + keI[I2][RCrL(H20) 2+]

=

Where the first term represents the chain reaction arid the second

represents simple electrophilic substitution. Different RCrL(H20) 2+

complexes react differently towards the same external reagent, 12 . When

R = 2°-alkyl or ara].kyl, chain reaction dominates; when R = i°-alkyl,

electrophilic substitution dominates. RCrL_H20) 3+, 12-', and R" are the

=

,I" ,, ,,,_i ..... i_ r'l_l! ,I ' r, .... ,, ',,,ir,,_.... li_ ' ,, ', I,, 'II_' _' _lil .... l_ I,I,III,,_ _" ', ilplP_' ..... ,II'"' _'_"," ,_',,',,l _ ."" ...... _. ,_l_i_II' '_,.,11 'lll,i'i:i' 'l'[ll_"tl,'_'i_lllll...... _' "Ill ...... '.... i"l,IIl,' =



chain carriers, lt was found that in the electrophilic substitution

reactions, only 12, not 13-, is reactive regardless of I- concentration

and the fact that 12 and 13- are inter-convertible (I2 + I- == I3-) and

have similar redox potentials.

The chain react,on proceeds as follows,

Initiation RCrL(H20) 2+ + 12 -->RCrL(H20) 3+ + I2-' (5)

Propagation RCrL(H20) 3+ --_R" + CrL(H20)2+ (6)

R' + 12 . I- -_RI + I2-' (7)

I2-' + RCrL(H20) 2+ -->-RCrL(H20)3+ + 2I- (8)

termination 212-' --_I 3- + I- (9)

The involvement of R' in the chain propagation step is confirmed by 02

and Cu2+ inhibition effect.

R. + 02 -+, RO 2' (I0)

2RO 2. -->-ROH + RHO + 02 (Ii)

Cu 2+ + R' + H20 --)-Cu+ + ROH + H+ (12)

Small amounts of 'J2or Cu2+ change the fractional.-order kinetic profile

(which appears when the chain mechanism dominates) back to a normal

pseudo-first order profile and the fast chain reaction rate back to the

slo_ electrophilic substitution rate. Involvement of I2-' in .-chain L

propagation step is confirme_ by Fe2+ inhibition effect,

12-' + Fe2+ --_ 21- 4 Fe3+ (13)



The chain reaction scheme is also supported by kinetic profile analysis,

product analysis and stoichiometric determinations. Various RCrL(H20) 2+

(R ffiCH3, C2H5, I-C3H7, I-C4H 9, 2-C3H7, 2-C4H 9, 4-CH3C6H4CH2, C6H5CH2,

4-BrC6H4CH2) were studied, kch and kel were measured. The crystal

structure of BrC6H4CH2CrL(H20) 2+ was determined by x-ray crystallography.

Part III: Reactivities of Organochromium Complexes toward Inorganic

Radicals. A Pulse Radiolysis Study.

Reason to Study: The reaction between RCrL(H20) 2+ and X2-" is to be

explored, and independent evidence of reaction (8) is to be sought.

Conclusion: 0uick generation of reactive radical anions X2- was

realized by pulse radiolysis and follow-up radical conversions.

e(aq)- + N20 + H20 .-_ HO' + HO- + N2 (14)

HO" + 2X- -_HO- + X2-" (15)

The kinetics of the reaction

X2-" + RCrL(H20) 2+ -->-2X- + RCrL(H20)3+ (16)

|

was studied spectrophotometrically with R = I-C3H7, 2-C3H7, 4-BrC6H4CH2,

4-CH3C6H4CH2, and X = I, Br, SCN. Reaction (16) proceeds very fast (tl/2

- l0 us) consistent with the role it plays in the chain reaction (eqs (5)

to (9)). Kinetic analysis suggests the formation of a loosely bound

±

_



precursor, {X2-',RCrL(H20) 2+}_ prior to the electron transfer step. The

reactivity trend is also discussed.

Part IV: Electron Transfer Reactions of Organochromium (IV/III)

Macrocyclic Complexes and Oxidation Induced Homolysis.

Reason to Study: RcrlV(H20)53+ has been proposed as a transient

before, but not confirmed. Little is known about the organochromlum

(IV/III) redox potential and self-exchange rate presumably due to the

short llfe-time of RCr(IV) species. It is important to find out the

redox mechanism of these organochromium complexes and their redox

potentials and self-exchange rates to establish guidelines for further

reactivity investigations and applications.

Conclusion: RcrlIIL(II20)2+ can be relatively easily oxidized to

RcrIVL(H20)3+ which further decomposes to R" and crlIIL(H20) 3+. The

oxidation occurs via an outer-sphere electron transfer pathway. The

outer-sphere electron transfer mechanism is also supported by the

observed linear relationship predicted by Marcus' equation (with

Fe 3+ and ABTS-') and the reactivity trend of theoxidants, ox = IrC162-_

oxidation of RCrL(H20) 2+ by IrCl62- (R = CH3, C2H5, I-C3H7, I-C4H9,

2-C3H7, 2-C4H9, 4-CH3C6H4CH2, C6H5CH2, 4-BrC6H4CH2). kI values of all

these RCr(H20)2+ were measured.

The reaction scheme is shown in eqs (17) to (19),

RCrL(H20)2+ + ox -->-RCrL(H20)34 + red kI (17)
i

RCrL(H20)3+ _ R" + CrL(H20)3+ k 2 (18)

-

R" + ox > P fast (19)

z



The nature of the product, P, depends on ox (e.g., P = RCI when ox =

IRC162- ; P = R-ABTS- when ox = ABTS'). Results of product analysis,

stoichiometric determination, and kinetic study are consistent with the

notion that homolysis is the major decomposition pathway of RCrL(H20)3+.

The reactions were followed by stopped-flow and conventional kinetic

methods. The products were analyzed by GC and UV-vis spectra.

For the first time we developed a simple kinetic method to estimate

a redox potential of an unstable couple (like RcrlVL(H20) 3+ /

RcrlIIL(H20) 2+) along with its self-exchange rate. This kinetic method

complements the existing electrochemical techniques for potential

measurement, lt applies to redox couples containing an unstable species

(generated by an electron transfer and destroyed by a follow up chemical

reaction). Contrary to cases of traditional electrochemical

measurements, the faster is the follow-up reaction, the more accurate is

the estimation of the potential by the kinetic method. The self-exchange

rate, kll, can be calculated by Marcus' equation using the estimated E°

value. Our estimated values (e._., E° = 0.76 + 0.13 V and kll = 4.2

M-Is -I for 4-BrC6H4CH2CrL(H20)3+/4-BrC6H4CH2CrL(H20)2+ couple) are

certainly within reasonable range.

The kinetic retardation effect of [red] = [ABTS 2-] confirms that a

RCrL(H20)3+ has a finite life time. The estimated life time is c.a. I ms.

Part V: Reduction Induced C].eavage of Cobalt-Carbon Bond in

Organocobalt Macrocyclic Complexes.

Reason to Study: The fate of reduced organocobalts is a center of many

debates because of its biological importance and "contradictory"



observations made in different laboratories, probably due to the lack of

the knowledge about the shortly-lived reaction intermediates.

Conclusion= We demonstrated that both le and 2e reductions of RCoIIIL

can be achieved chemically and electrochemically to yield RCoIIL I- and

RCoIL 2-. For the first time we found that _-elimination is the major

decomposition pathway of 1°- and 2°-alkylcobalt(II) complexes, RCoIIL I-.

Hydrolysis of RCoIIL I-, affording RH and CoIIL, becomes important only in

the presence of water. The R(-H) and RH presented in the product mixture

were actually produced directly from RCoIIL I- by separate pathways,

rather than from disproportionation of R' (generated by homolysis,

RCoIIL I- --)_R' + CoIL I-) as suspected in literature. The explanation of

the generation of oxidized product R(-H) from reduced organochromium,

RCo(II)L I-, involves participation of equatorial ligand L to yield LH. We

also discovered that when _-H is absent Sn R, the R group migration from

cobalt to the equatorial ligand L becomes an important reaction pathway.

RH is the major decomposition product of RCoIL 2-. The general reaction

scheme is shown below,

H+,-RH e-, k3
: ---_ CoLA --_ COLA-

S,ka 1

, ._ Co(LR)S-
e-,ke, 1 -A,ki, e S,-R(-H),k sRCoLA > [RCoLA-] A. [RCoL-] _ Co(LH)S-

Iz

le-,ke,2 . H+,-RH
u------N[RCoLz- ] --_oLS-

ke,2 kH,2

where R = CH3, C2H5, I-C3H7, 2-C3H7, 4-CH3C6H4CH2, C6H5CH2 , __BrC6H4CH2 ;

L = (dmgBF2)2; and with trans group A, A = H20 , OH-, and py. The



starting complexes, RCoIIIL, were prepared by nucleophillc substitution

between CoIL - and RX. Rate constants, ke, 1 and ke, 2, of these complexes

were measured by using NiI(tmc) + as the reductant. The reactivity trend

agrees with the above scheme.

The reductions were studied both electrochemically and chemically.

The reduction intermediate and products were detected by ESR, fast mixing

and fast scan techniques, GC, UVivis, NMR, and electrochemical methods.

The proposed reaction scheme was based on results from intermediate

trapping, change of product distribution with conditions, as well as

kinetic profiles, rates and reactivity trend. RcolIL I- with

(t)6(dx2_y2)l configuration provides the first example of g > g in d7

cobalt(II) complexes, implying a flattened pseudo-Oh ligand field. This

configuration explains the fact that homolysis does not occur immediately

at the RColIL I- stage (the odd electron is not in the Co-C antibonding

orbital) and instead the internal electron transfer occurs yielding

RColIL 'I- which assists the follow-up _-elimination.

Part VI: Molecular Structure of a Cobalt(I) Complex Lacking a Carbonyl

Ligand. An Unique Example of C-N Bond Shortening upon Reduction.

Reason to Study: Synthesis and structural determination of cobalt(I)

macrocyclic complexes have been cha]].en_s to chemists who w_nt to _tudy

reactions catalyzed by vitamin BI2 coenzymes. Efforts along this

direction were often frustrated by the extreme instability of the

cobalt(I) macrocycles. Only a few attempts were fruitful by letting

electron withdrawing CO ligand coordinate to cobalt. But carbonyl (obalt

macrocycles are not _elavent to vitamin BI2 systems.
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Conclusion: Successful synthesis and crystallization of a cobalt(I)

macrocyclic complex was accomplished by an electrolysis induced

hydrolysis of an alkylcobalt(lll) complex, The molecular structure of
t'

the novel cobalt(1) macrocyclic complex Col(dmgBF2)2py - is characterized

by x-ray diffraction, The diamagnetism of the complex as reflected by ESR

silence and well defined lH-NMR spectrum strongly supports the assignment

of the low spin d8 electron configuration (t)6(dz2) 2 to the complex,

A rather unexpected shortening of the Co-N (ol the equatorial

ligand) bonds upon reduction (as compared to those of coll(dmgBF2)2) 'was

discovered with this complex. This discovery challenges the commonly

accepted thinking: an atomic (or ionic) radius increases as the atom (or

ion) is reduced, so does the bond distance related to the atom (or ion).

We explain this unusual shortening upon reduction in light of orbital

interaction (between Co(dz2 ) and (dmgBF2)2(_*)) , which changes from

symmetry forbidden to symmetry allowed. The change of the orbital

interaction is also evidenced by the changes of the bond distances within

the equatorial ligand.
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PART I. ORGANOC_ROMIUM(III) MACROCYCLIC COMPLEXES. FACTORS

CONTROLLING HOMOLrrIC VS. _ErEROL_rIC CLEAVAGE OF THE

CHROMIUM-CARBON BOND
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INTRODUCTION

Conventional ligand substitution reactions of inorganic and

organometallic complexes are two-electron processes. They are relatively

well understood in terms of the electronic and structural factors that

control the rate. I-3 In contrast, much less is known about the factors

controlling the rates of unimolecular bond homolysis reactions, LSMn-R

L5M n-I + R,_ (R = alkyl, aralkyl). The data available for complexes such

as (H20)5CrR2+ 4,5 and macrocyclic organocobalt complexes 6 suggest that

both steric and electronic factors must be considered.

ge consider here a family of organochromium(lll) macrocycles,

RCrL(H20)2+ (L = [15]aneN 4 = 1,4,8,12-tetraazacyclopentadecane) in

aqueous solution. With a trans ligand A (A = H20 and OH-), we

consider the possibilities of homolysis (eq I-l) and heterolysls (eq

I-2). Neither reaction type has been examined previously for these

complexes.

RcrlIIL(A) n+ --> crlIL(A) n+ + R" (I-i)

RCrIIIL(A) n+ + H20------> HOCrIIIL(A)n+ + RH (I-2)

The presence of the macrocyclic liKand offers certain adv_ntm_ in

studying the reactivity of the metal-carbon bond. Most significantly,

the macrocycle permits variation of the pH over a wide range, in contrast

to tile complexes (H20)5CrR 2+ that rapidly decompose above pH " 4. This

allows examination of the species with A = OH-. In this article we

present data showing that variation of A changes the mechanism of the Ct-
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C bond cleavage from homolytic to heterolytic. We explain this finding

by the stabilizing effect of the strongly electron-donating OH- Eroup on

the 3+ oxlaation state of chromium. The same phenomenon helps in the

understanding of the reactivity order when the R group is changed.
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EXPERIMENTAL SECTION

Materials. The complexes RCrL(H20) 2+ were prepared by the known

reaction of RBr or RI with (H20)2CrL2+, and separated by ion exchange

chromatography on Sephadex C25. 7 The electronic spectra matched the

reported values° 7 Radical scavengers were [Co(NH3)bBr](CI04)2 '8 and

HTMPO 9 (Aldrich). The ESR and UV-visible spectrum of HTMPO matched the

literature values, l0

Technlques_ ESR spectra were recorded on aqueous solutions with an

IBM-Bruker ER-200 spectrometer. Since the activation energies of metal-

alkyl homolysis are in general rather large, 4-6 homolysis can be promoted

at elevated temperature. This approach was used to conduct the ESR

study. Samples of the complex RCrL(A) n+ in the presence of a three-fold

excess of HTMPO were immersed in a water bath at 40 aC to initiate

decomposition. At a fixed time, decomposition was quenched by immersing

the sample in an ice-water bath. The sample was then warmed back to 15

°C and the ESR spectrum recorded, glth bath temperature and timing

controlled, the method was reproducible.

Organic products were identified with a Hewlett-Packard Model 5790

gas chromatograph, with a 6' x 1/8" column packed with OV-IOI or VZ-IO.

The gas chromatograph was calibrated with standard organic halides and

hydrocarbons. Electronic spectra were recorded with a Perkin-Elmer

Lambda Array 3840 diode array speetrophotometer.
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Kinetic Measurements. The homolytic decomposition of the

organochromiulnmacrocycles RCrL(H20)2+ was monitored

spectt'ophotometricallyat their absorption maxima: k 287 and 400 nm for

R = i-Pr, 359 nn_for p-CH3C6H4CH2, 353 nm for C6H5CH2, and 360 nm for p-

BrC6H4CH2. These measurements were carried out in an argon atmosphere on

solutions containing 0.010 M HCIO4 and 0.20 M NaCIO4. The heterolytic

decomposition in basic solutions was monitored at 274 nm (R = i-Pr) and

260 nm (n-Pr) at [OH-] = 7.2 - 160 mM, U = 0.20 M. Some experiments,

including the temperature dependence, were done at [OH-1 = U = 0.82 M.

In every case temperature was precisely controlled by immersing the

quartz cuvette in a water bath positioned in the light beam of the

spectrophotometer; thermostated water was circulated through the Jacket

of the water bath. Organochromium macrocycles were used as limiting

reagents in both homolysis and heterolysls studies. The kinetic data

were obtained by means of n Cary Model 14 spectrophotometer that had been

converted to a computer--controlledinstrument by On Line Instrument

Systems. The OLIS data station also provided the least squares program
i

for the analysis of the absorbance-time data according to the flrst-order

equation A t = A_ + (Ao - A®)e-kt.



RESULTS

Bond Homolysis. Unimolecular homolysis of the chromium-carbon bond

was observed for secondary alkyl and ara].kyl chromium complexes

RCrL(H20) 2+ in slightly acidic (lH +] = 1.0 x 10-2 M) solutions in the

presence of free radical scavengers. For example, some experiments were

conducted in the presence of the persistent free radical HTMPO, 9 which

is known II to capture in situ gener_ted free radicals, eq I-3. We found

that HTHPO also reacts rapidly wlth (H20)2CrL2+ , eq I-4. The ESR

technique was employed Irl this study to estimate the rate of homolysis.

The intensity of the ESR signal of HTHPO decreased as the homolysls of

the i-propylchromium complex proceeded, Figure I-I.

R. + HTMPO -----> R-HTMPO (I-3) =

(H20)2CrL2+ + HTMPO-------> (H20)2CrL3+ + HTMPO (I-4)
_

Another scavenger is (NH3)5CoBr2+ , which reacts with free radicals 12 m

(eq 1-5) and with the chromium(II) macrocycle 13 (eq 1-6). Because of

their dual functions both HTMPO and (NH3)5CoBr2+ are effective scavengers

in this system.

H30+

5CoBr2+ 2+ +(NH3). + R. _> RBr + COaq + 5NH 4 (I-5)

H30_"
(NH3)5CoBr2+ 2+ ++ (H20)2CrL 24" > BrCrL(H20) 2+ + COaq + 5NH 4 (1-6)
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The analysis of organic products by GC confirmed that homolysis is

the only reactivity mode in acidic solutions for ali the complexes

examined. For example, the reaction of (2-Pr)Cr([15]aneN4)2+ in the

presence of (NH3)sCoBr2+ yielded 2-PrBr as the exclusive organic product,

consistent with the sequence of reactions I-I and 1-5. 12 No propane was

detected, which effectively rules out any heterolysls under these

conditions.

Quantitative kinetic studies of the homolysis were conducted

in the presence of either HTMPO or (NH3)5CoBr2+.spec tropho tomet rically

The reactions (eq I-7) are first-order with respect to the concentration

of the organochromium macrocycle and zero order with respect to the

scavenger concentration (eq I-8). The concentration conditions and rate

constants are summarized in Table I-I.

RCrL(H20)2+ H20 > 2+------ R. + CrL(H20) 2 (I-7)

2+ 2+] (1-8)-d[RCrL(H20) ]/dt = k7[RCrL(H20 )

No homolytic cleavage of the Cr-C bond was observed for RCrL(H20)2+

when R was a primary alkyl group, as tested for R = C2H5, n-C3H7, and n-

C4H 9. Indeed, in the absence of a scavenger even the secondary alkyl and

aralkyl complexes do not undergo net homolysis because the reverse of

reaction 1-7 occurs rapidly. Thus these organochromium macrocycles can be

stored for weeks when kept in a refrigerator under nitrogen or argon.
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Tre_s Effects on Homolysis of the Hydroxo Complexes. A change of pH

from 4 to 6 of a solution of RCrL(H20) 2+ causes sn instantaneou_ color

change from yellow to red. The associated spectral changes are shown in

Figure I-2. When the solution is re-acidified, the yellow color is restored

and the spectrum of RCrL(H20)2+ reappears. The reversibility of the

spectral changes indicates that the chromlum-carbon bond remains Intact;

• reversible deprotonation of the _rans %rater mol_cule yields RCrL(OH)+. 14,15

The progress of the homolysis was monitored by the ESR signal of the

scavenger HTMPO. As shown in Figure I.-IA, the in*ensity of the ESR

spectrum of HTMPO in th_ presence of i-C3H7CrL(OH)+ remains virtually

unchanged after 15 mln at 40 °C. In contrast, the decreasing ESR signal,

Figure I-IB, shows a significant loss of HTMPO during the homolysis of i-

C3H7CrL(H20) 2+ in "12 min at 40 °C. This establishes that the homolysls

rate of the hydroxo complex is neglig!Lbly small compared to that of the

• aqua complex.

Temperature Dependence of Bemolysis Rate Constants. The value of k 7

was determined over a range of temperatures for each of the complexes

RCrL(H20)2+ with either (NH3)5CoBr 2. or HTMPO used to draw the reaction to

completion. The groups R and the temperature range for each are: i-C3H7,

286-333 K; p-CH3C6H4CH2, 295-332 K; C6H5CH2, 298-333 K; p-BrC6H4CH2,
d

298-344 K, as shown in Figure I-3. The values of _4_ and _S+ were

determined from a fit of the data to the Eyring equation, to which they
L

nicely conformed. The values of _+ and _S+ are summarized in Table I-2.

=

I) , ?' '," .... ,,,,r' ,11r',_l,q,l,, ,'f,,,,_,,_ ,i,,,,ll,ri,,Ip,,, , '"'"r_'il[' "i'_ll*'' ' _'_' r"'l'r"'(_II_' ' .... '_ ,, lil,'r',,r,_,r 'l"'a'r'Tlq'flII'_'"' 'llli_¢N_i'' 'illT' "' llll"' "_ .... Irr'" 'TllIl'"_li'_'e'll_ll,,1'""_I" '%
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Heterolytic Cleavage of the Cr-C Bond. Although the trans aqua

organochromium macrocyclic cations do not undergo acidolysis in acidic

solutions (at least not in comparison with the dominant homolysis

reaction), the situation is different for the hydroxo complexes RCrL(OH) +

at pH 12-14. Here, the complexes with R = i-C3H 7 and n-C3H 7 both undergo

slow hydrolysis, eq I-9, to yield propane as the only organic product

detected gas chromatographically. Both the kinetics and the organic

products are unaffected by the presence of HTMPO and (NH3)5CoBr2+. This

clearly rules out any contribution from a homolytic pathway. The nature

of the chromium product in eq I-9 was assumed but not verified. No

decomposition of the aralkyl chromium complexes was observed in basic

solutions.

RCrL(OH) . (I-9)+ H20 -----> RH + CrL(OH)2 +

The rate of reaction I-9 follows first-order kinetics, with k9 =

(2.3 ± 0.2) x 10-4 s-I for R = I-C3H 7, and (6.6 ± 0.3) x 10-5 s-I for R -

n-C3H 7 at 25 °C. The values of k9 are independent of [OH-] in the range

7.2 - 160 mM at U = 0.20 M and in the range 0.16 - 1.0 M at nonconstant

ionic strength. The variation of temperature (298 - 338 K) gave the

activation parameters: dH_ = 78 +_ 1 kJ sol -I_ _S_ = -53 _+2 J sol -I K-!

for R = i-C3H 7, and &H_ = 83 ± 3 kJ sol -I, _S+ = -46 ± 9 J sol -I K-I for

R = n-C3H 7 as shown in Table I-2. The rate constant for n-C3H7CrL(OD) +

in D20 was also measured, with k9 = 6.2 x 10..5 s-I at 25.0 °C.
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DISCUSSION

The instantaneous and reversible optical change, Figure I-2, in the

pH range 4-6 has been assigned to the conversion of RCrL(H20) 2+ to

RCrL(OH) +. The lowest energy charge transfer (R-_r) band shifts to

higher energy in basic solution, consistent with the K-donor ability of

OH- which increases the energy of the "t2g" orbitals resulting in a

higher energy for the R-_r charge transfer transition. Put differently,

RCrL(OH) + is a weaker oxidant than RCrL(H20) 2+.

The existence of both aqua and hydroxo complexes allows the study of

the homolysis of both species. For the secondary alkyl and aralkyl aqua

complexes the reaction is indeed homolysis base6 on the following

evidence: (a) the reaction proceeds in the presence of scavengers for

both R. and (HqO)2CrL2+; (b) the rate constant remains independent of the

scavenger concentration; (c) the rate constant is independent of which

scavenger was used, but varies with the group R. The primary alkyl

complexes do not undergo homolysis even over very long times. This is

consistent with the lower thermodynamic stability of primary alkyl

radicals as compared to secondary and aralkyl radicals_

Under the same concentration and temperature conditions none of the

hydroxo complexes, RCrL(OH) +, undergoes homolysis. This is again related

to the electron donating effect of OH-, which stabilizes the Cr(I!I)

state and thus makes it less susceptible to internal electron transfer

that accompanies homolysis of eq I-7.

The activation parameters for bond homolysis are listed in
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Table I-2. The large values of _H+ reflect the large chromium-carbon

bond strengths of these complexes. Indeed, they can be taken as an

approximate measure of the bond dissociation enthalpy, once allowance is

made for the relatively small value of LIH+_7 for the radical

recombination reaction. 6,16 The value of _ for (H20)5CrCH2Ph2+ (133 kJ

mol -I) is significantly larger than the value of 103 kJ mol -I for its

macrocyclic analogue. This difference in _+ can be explained on the

basis of the molecular structures, in particular the longer Cr-C bond In

the macrocycle. 17 The compound [p-BrC6H4CH2CrL(H20)](ClO4)2"THF has a

17 noticeably longer than the 2 06 A distanceCr-C bond length of 2.14 A,

in trans-[CH2ClCr(acac)2H20]. 18 No complex in the [(H20)5CrR]X 2 series

has been crystallized, although one anticipates a Cr-C bond as short or

shorter than that in the acac derivative. This argument is, however,

somewhat speculative, since the overall charge is different in the

pentaaqua and acac series.

The observed effect of the macrocycle on the Cr-C bond strength is

the net result of two opposing effects, steric and electronic. The

former weakens and lengthens the bond. The electron donation from the N4

macrocycle, on the other hand, stabilizes the Cr(III) state, and thus

inhibits homolysis. The size of the electronic effect of [15]anon 4

becomes obvious if one compares the reduction potentials for the couples

Cr([15]aneN4)(H20)23+/2+ (-0.58 V) 7 and Cr(H20)63+/2+ (-0.41V). Yet

despite the electronic effect favoring the Ct(III) state, the Cr-C bond

_

is weaker in the macrocyclic series. This point illustrates just how

dominant steric effects are on bond strengths, a point made already in

earlier work. 19,20

Z

e
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Despite the lowering of Z_H_ for the macrocycle, the homolysis of

(H20)5CrCH2Ph2+ (k = 2.6 x 10-3 s-l) 5 proceeds more rapidly than that of

the analogous PhCH2CrL(H20) 2+ (1.2 x 10-4 s-l). This, of course, is due

to the more-than-offsetting values of 6S_. The complex (H20)5CrCH2Ph2+

has a _S+ value of 153 d mol -I K-1, as compared to 28 J mol -I K-I for

(H20)Cr(L)CH2Ph 2+. This large difference seems to indicate that the

second coordination sphere "loosens up" much more in reaching the

transition state in the aqua series. This is not unreasonable given that

(H20)5CrR 2+ must be much more strongly solvated than the macrocyclic

analogues and that in reaching the transition state for homolysis the

bond distances approach those for Cr(ll) complexes. This means that the

Cr-O distances in [(H20)sCr---R2+]_ stretch significantly, whereas the

Cr-N bond lengths in [([15]aneN4)(H20)Cr---R2+]+ remain virtually the

same. Thus the effect on the second coordination sphere must be quite

dramatic for (H20)sCrR2+, but negligible in the macrocyclic series. In

addition, there is a contribution from the rotational entropy changes of

the coordinated molecules of water in (H20)5CrR2+ , a gain that has no

counterpart in the macrocyclic series.

The rate constants for homolysis of ArCH2CrL(H20)2+ vary little as

the substituent on the benzene ring changes from p-CII3 to H to p-.Br.

This is different from the behavior of the corresponding pentaaqua

series, p-X-C6H4CH2Cr(H20)52+, where the Hammett correlation yields the

reaction constant p = -1.01. 5 The greater sensitivity to substituents in

the pentaaqua complexes is qualitatively consistent with the Cr-C bond

being stronger for them. A greater degree of charge transfer in the
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transition state is required for homolysis of (H20)5CrCH2Ar2+ as compared

to ArCH2Cr(L)H202+.

Turning to the pathway for the heterolytic solvolysis rea tion, we

note that RCrL(OH) + is not attacked by external OH-; i.e., the rate is

independent of [OH-]. This compares with the behavior of (H20)sCrR 2+

complexes, where inverse [H+] terms signal a conjugate base pathway that is

significant enough to provide the major decomposition route at pH 4-7. 21,22

With the macrocycles we find that only the hydroxo complexes, but not the

aqua, are subject to heterolytic decomposition. It is significant tllat a

reaction of the aqua complex with H3O+ is not important. Even though H30+

itself might function as an electrophile, there is no kinetically

significant term with a direct dependence on [H30+], unliie the pentaaqua

series where a term kA[(H20)5CrR2+][H30+] provides, for most R groups, a

major pathway. 4 This means that proton transfer to an incipient carbanion

is not important for chromium-carbon bond heterolysis of RCrL(OH) +

complexes.

How is the rate law, which has the form k9[RCrL(OH)+}, to be

interpreted? One can hardly attribute it to a path in which an external

H20 molecule acts as a kin_tically active electroDhile, given the

inactivity of the more powerful electrophile H3O+ towards the aquo

complex. Moreover we find no kinetic isotope effect in D20: the complex

[n-PrCrL(OD) +] has k9 = 6.2 x 10-5 s-I (25 °C, pD = 12 in D20), compared

to k9 = (6.6 ± 0.3) x 10-5 s-I for the reaction of [n-PrCrL(OH) +] in H20.

Thus proton transfer from H20 to R is not significantly advanced in the

transition state.
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The heterolytic reactions are accompanied by substantial and

negative activation entropies as shown in Table 1-2. This suggests a

transition stmte with larger charge separation as compared to that of

reactant. Hence, the interpretation we offer is that the rate-limiting

step is intramolecular charge transfer to folm an incipient carbanion,

and the transition state might be represented as [HOCrS+(L)RS-'''H-OH+]_.

We further note that heterolysis applies only to the complex in which the

trans ligand is OH-, not H20. The evident role for coordinated OH- is to

act as a strong electron donor_ _:hlch improves the energetlcs of

carbanion formation.

The aralkyl complexes are not subject to heterolytic solvolysis,

even in the case of the trans-hydroxo species. This contrasts with the

very slow but easily observed decomposition of (H20)5CrCH2Ph2+.23

q

i
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Table I-l. Rate Constants for the Homolysis of RCr([15]aneN4)(H20) 2+

Complexes in Aqueous Solutions a

R Scavenger, 104 k6/s-I

concentration/mM

m

i-C3H 7 (NH3)5CoBr2+ , 0.63 - 4.65 5.0 ± 0.3

i-C3H 7 HTMPO, 0.20 - 1.60 5.0 ± 0.4

p-CH3C6H4CH 2 HTMPO, 0.31 - 1.67 1.36 ± 0.01

C6H5CH 2 HTMPO, 0.76 - 2.00 1.24 ± 0.04

p-BrC6114CH2 HTMPO, 0.23 - 1.00 1.15 ± 0.01

aAt 25.0 °C with [H+] = Io0 x 10-2 M, U = 0.20 M,

[RCr([15]aneN4)(H20)2+]O = 0.02 - 0.35 mM, used always as a limiting

reagent.

E-
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Table I-2. Activation Parameters for the Homolysis and Heterolysls of

Organochromium Cations a

Complex Reaction _H+/kJ mol -I 6S+/J mol -I K-I

i,C3H7CrL(H20)2+ b homolysis Ii0 ± 3 62 ± 6

p_CH3C6H4CH2CrL(H20)2+ b homolysis iii ± 2 54 _ 6

C6H5CH2CrL(H20)2+ b homolysis 103 ± 2 28 ± 5

p_BrC6H4CH2CrL(H20)2+ b homolysis I01 ± 3. 22 ± 9

(H20)sCrCH2C6H52+ c homolysis 133 153

i_C3H7CrL(OH)+ d heterolysis 78 ± I -53 ± 2

n_C3H7CrL(OH)+ d heterolysis 83 ± 3 -42 ± 9

aL = [15]aneN 4.

bin aqueous solution with 1.0 x 10-2 M H+ at la - 0.20 M.

CRef. 5.

d[NaOH] = U = 0.82 M.

t,

m
=:=m_

==
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A)

Figure I-I. Changes in the ESR spectrum of the radical scavenger HTMPO in

the presence of I-C3H7CrL(OH)+ (A) and i-C3H7CrL(H20)2+ (B),

L : [15]aneN4. The spectra were recorded on reaction

solutions that were kept at 40 °C for 0 and 15 min (A) and 0,

2, and 12 min (B). The ESR spectra were recorded at 15 °C,

with a sweep width of 50 G. Small fluctuation of frequency

with time causes small shifts of central field around 3475 G
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Fi@Jre I-2. Electronic spectra of RCrL(A) n+l complexes, L = [15]aneN 4.

Optical pathlength 1 mm. (I) 1.5 mM i.-C3H7CrL(H20)2+ at pH 4;

(2) io5 mM i-C3H7CrL(OH)+ at pH 7;

(3) 2.2 mM n-C3HTCrL(H20)2+ at pH 4; (4) 2.2 mM

n-C3H7CrL(OH)+ at pH 7
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PART II, _UCTURE AND REACTIVITY OF ORGANOCHROMIUM MACROCYCLES

WITH IODINE BY CHAIN AND ELECTROPHILIC MECHANISMS
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INTRODUCTION

The cleavage of metal-carbon bonds by halogens has been fairly

widely studied. I Generally, two mechanisms are operative. One is

electrophilic substitution, often an SE2 process, that cleanly converts

reactants to products. This is usually accompanied by inversion of

stereochemistry at the m-carbon atom if the substrate is a transition

metal complex with a high coordination number. The SE2 mechanism is a

two-electron process that occurs without the intervention of reaction

intermediates. The second mechanism is a one-electron transfer process,

in which the initial step is the formation of a caged radical pair, {RM+,

X2"-}" The electron transfer step may initiate a chain sequence for

halogenolysis.

The literature in the field includes extensive studies on a series

of organochromium complexes, (H20)5CrR2+,2 and macrocyclic complexes of

cobalt, including the cobaloximes, RCo(dmgH)2B (B = H20 , pyridine,

etc.). 3-6 The former complexes adopt an SB2 mechanism for

halogenolysis, whereas the mechanism for the cobaloximes includes an

electron transfer step. The participation of inorganic transition

metal complexes in photoinduced chain reactions was also noticed

before. 7

We have turned our attention to iodinolysis reactions of a different

group of organometallic complexes. This is a series of alkyl and aralkyl

derivatives of a chromium macrocycle, RCr([15]aneN4)H2024". 8 Cleavage of

the carbon-chromium bond in such complexes by electrophilic mercury(II)

ions occurs strictly by an SE2 mechanism. 9 Halogenolysis reactions have
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not been previously investigated for these complexes. Rather to our

surprise, we find that the mechanism for the reaction of

RCr([_5]aneN4)H202+ with 12 changes along the series of R groups and both

electrophilic and oxidative mechanisms have to be considered. We present

the results of kinetic investigations in this paper.

No crystal structure data were available for the complexes

RCr([15]aneN4)H202+ until now. In this work _,e have determined by X-ray

diffraction the structure of the perchlorate salt of the complex with R =

4-bromobenzyl. Among other factors, we were interested in establishing

the identity of the compound on more secure grounds, in the extent of

steric hindrance at the chromium-carbon bond, and in the ground-state

steric influence, as measured by the extent of the elongation of the bond

to the trans water molecule.
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EXPERIMENTAL SECTION

Materials. The chromium(II) complex, CrL 2+ (L = [15]aneN 4) was

prepared by mixing stoichiometric amounts of CrCI2"4H2 O10 and liEand L

(Strem Chemical Co.) in aqueous solution. 8 The orEanochromlum complexes,

RCrL(H20) 2+_ (R = CH 3, C2H 5, 1-C3H 7, and I-C4H 9) were prepared from CrL 2+

and the correspondinE orEanic bromide followinE the published procedure. 8

Similarly, sec-alkyl and aralkyl complexes were prepared from the organic

halides. All organochromlum macrocycles were separated and purified by

ion exchange on Sephadex C-25. Iodine solutions were prepared by

dissolving the AR grade reagent in 0.01M perchloric acid.

Iodine and triodide ion concentrations were determined

spectrophotometrically at 467 nm (8 733 M-I cm -I for 12) and 352 nm (2.46

x 104 M-I cm-I for I3-). II The extinction coefficients for RCrL(H20) 2+

were taken from the literature. 8 For R = CH 3, _max/nm (_/M -I cm-I) are

258 (3.30 x 103 ) and 375 (2.27 x 102); C2H 5, 264 (3.10 x 103 ) and 383

(3.87 x 102); I-C3H 7, 265 (3.44 x 103 ) and 383 (4.65 x 102); and I-C4H 9,

268 (3.30 x 103 ) and 383 (4.59 x 102). The molar absorptivities listed

were used to determine the concentrations of the orEanochromium ions.

The new complex prepared in this work, 4-BrC6H4CH2CrL(H20) 2+, has maxima

at 245 nm (c 1.07 x 104 M-I cm-l), 281 (9.82 x I03), 303 (8.83 x 103),

and 361 (2.40 x 103).
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Kinetics. The kinetics of the reaction of CrL(H20) 2+ with

4-BrC6H4CH2Br were followed at room temperature at 305 nm with a Durrum-

Dionex stopped-flow spectrophotometer. Anaerobic conditions were

required by the extreme sensitivity of the chromium(II) complex towards

oxygen.

The kinetic study of the chain reaction between 12 and

4-BrC6H4CH2CrL(H20) 2+ was conducted with the chromium complex in excess

over iodine in solutions containing free iodide. The progress of the

reaction was monitored by following the disappearance of 13- at k 352 nm.

The kinetics of the electrophilic reactions of the primary alkyl

complexes were studied under pseudo-first-order conditions with RCrL 2+ in

excess (R = CH 3, C2H 5, I-C3H 7, I-C4H9). For the case of R = I-C3H 7 the

results were also checked with 12 in excess. All reactions with 12 were

conducted at 25.0 ± 0.I °C at a constant ionic strength of 0.20 M

controlled by NaClO 4 and a constant pH of 2.00, controlled by perchloric

acid.

Crystal Growth. Orange crystals of [4-BrC6H4CH2CrL(H20)](CIO4)2'THF

were grown from a sample of the purified organochromium cation in a

mixture of THF and water in an ESR tube encapsulated within a sealed test

tube. This system was employed to slow the temperature change as the

solution was being cooled. This procedure afforded crystals suitable for

X-ray diffraction.
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X-Ray Data and Structure. A crystal of approximate dimensions 0.30

x 0.14 x 0.13 mm was used to collect X-ray diffraction data with an

Enraf-Nonius CAD-4 diffractometer. The cell constants were determined

from reflections found by an automated search routine. An empirical

absorption correction was based on a series of psi-scans. Pertinent

results are given in Table II-l.

The positions of Ct, Br, and C1 atoms were taken from an E-map

produced by direct methods. Trial positions ot other atoms were

determined by a difference Fourier map and subsequent least-squares

refinement. Because of tiledisorder in perchlorate anions and THF

molecules, as well as a relatively low observation to parameter ratio,

the phenyl group was subsequently refined as a rigid hexagon with C-C

bond lengths of 1.395 A and the perchlorate ions as rigid tetrahedra with

CI-O bond lengths of 1.50 A. Based on the difference map, two

orientations were assigned to each of the two independent perchlorate

groups, with occupancy factors of 0.46:0.54 and 0.81:0.19. Hydrogen

atoms were not included in the refinement but were used for the

determination of Fcalc. Final R and Rw values are shown in Table II-1.

Ali calculations were performed on a Digital Equipment Corp. Micro Vax II

computer. The refinement was carried out with the SHELX-76 package.

Spectrum and Product Analysis. The UV-visible spectra were taken

with a Perkin-Elmer Lambda Array 3840 UV/via spectrophotometer. The 13-

ion was identified spectrophotometrically. The organic products were

identified with a Hewlett-Packard Model 5790 gas chromatograph with a 6'

n
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column packed with OV-lOl stationary phase. The instrument was

calibrated by use of standard organic halides.

=

-4
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RESULTS AND DISCUSSION

Formation of 4-BrC6H4CH2CrL(H20) 2+. The reaction between the

4-BrC6H4CH2Br (RBr) and CrL 2+ was studied in 10% ethanol-water, since the

bromide is insoluble in strictly aqueous solution. CrL 2+ was used in at

least ten-fold excess over RBr. The reaction followed pseudo-first-order

kinetics in each run, and the plot of kobsd vs ICrL2+] was linear, as

depicted in Figure II-l. The second-order rate constant obtained is 3.73

x I04 M-I s-l.

The reaction produces the indicated organochromlum(III) cation, as

shown by its UV/visible spectrum (after separation by ion exchange

chromatography) and by X-ray crystallography. The rate constant of 3.7 x

104 M-I cm-I is slightly higher than the value for PhCH2Br, k = 1.9 x 104

M-I s-l. 8 This small difference is consistent with the proposed free

radical mechanism for such reactions:

CrL(H20)22+ + RBr ------>BrCrL(H20)2+ + R + H20 kI (II-l)

2+ • + H20 k2 (fast) (II-2)CrL(H20)2 + R --> RCrL(H20) 2+

According to this scheme, -dIRBr]/dt = kI[CrL2+][RBr]. Thus the

values of the rate constants cited above represeni_ kI. The 4-Br

derivative is expected to react more rapidly than the unsubstituted

benzyl complex owing to the electron-withdrawing properties of bromine

and resonance stabilization of the alkyl radical by the para-bromine.

[:
r

' 111'1'_111|'1'II_ It1"1_' _' _'
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The complex 4-BrC6H4CH2CrL(H20) 2+ is more stable toward air than

PhCH2CrL(H20) 2+ is. In botl_ cases the reaction proceeds by unimolecular

homolysis. !2 The electron withdrawing effect of the para bromine makes

the Cr-C bond more polar thereby retarding the homolysis. The complex

4-BrC6H4CH2CrL(H20) 2+ is quite stable toward acid; it can be stored in

solution at pH 2 and 0 °C for weeks.

The crystal structure of [p-BrC6HdCH2CrL(H20)](CIOd)2"TRF is shown

in Figure II-2. The cation adopts a distorted octahedral structure with

a molecule of water trans to the Cr-C bond. The relevant bond lengths

and bond angles are summarized in Table II-2 and Table II-3. The Cr-C

bond length (2.14 A) in this cation is slightly longer than the reported

values of other stable organochromium complexes (2.06 A in trans-

[(CH2C1)Cr(acac)2.H20 ] and 2.077 - 2.129 A in trans-RCr(aeae)zpy, for R =

CHC12 and CH2C1, respectively). 13'14 The Cr-C(1)-C(2) angle of 123 ° is

also larger than that for a typical sp3 carbon. All of these deviations

are due to the sterie repulsion between the para-bromobenzyl group and

the bulky macrocyclic ligand. Similar distortions have been observed

before.13, 14 We also note the large Cr-C-Si bond angle (127.9 8 - 128.3 °)

in the compound cis-[Me3SiCH2Cr(bipy)]I.15

It is noted from Fi_Ire II-2 that the coordinated nitrogen_ adopt a

configuration with three of the four N-H bonds pointing upward and one

downward. This asymmetric configuration makes the two sides of the CrN 4

plane different (designated as side A and side B, respectively, in Figure

II-2). A space filling model shows that this asymmetric binding of

[15]aneN 4 to chromium(III) results in the A side being less crowded than
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the B side. lt is therefore not too surprising that the 4-bromobenzyl

group binds preferentially to the A side even though the CrN 4 plane is

quite flat.

A comparison between the Cr(III)-OH 2 bond length in trans-,

4-BrC6H4CH2CrL(H20)2+ (2.13 A) and that in trans-CICrL(H20) 2+ (2.04

A)I6 can also be made. The reported crystal structure of the chloro

complex has the H20 molecule bound to the more open A side, rather than

the B side as in the case of the organometallic complex. Hence both

the trans influence of the Cr(lll)-C bond and the sterlc crowdedness of

the B side might contribute to the elongation of the Cr(III)-OH 2 bond

in the 4-bromobenzyl complex.

Electrophilic Substitution Reactions with Iodine. Ali the primary

alkyl chromium complexes, RCrL(H20) 2+, are quite stable toward 02 . No

reaction was observed in 60 min in oxygen-saturated solutions,

[RCrL(H20) 2+] ~ 3 x 10-4 M. These solutions are also stable toward

acidolysis. No significant reaction was observed in 60 min in

solutions of RCrL(H20) 2+ containing 0.01 - 0.4 M HCIO 4 at room

temperature.

The Cr-C bond in RCrL(H20) 2+ can be easily cleaved heterolytically

by 12 . Advantage was taken of the strong light absorption of 13- at 352

nm to monitor the reaction which proceeds according to the net equation

11-3. Ali the exneriments were done in the presence of excess I- to

12 + RCrL(H20) 2+ - 2CrL3++ H20 ----> I + RI + (H20) (11-3)
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create the 13- chromophore. The reaction rate is first-order with

respect to both iodine and alkyl chromium concentrations, regardless of

which one was used as the limiting reagent.

Since 12 and 13- have almost identical reduction potentials, both

should be considered as possible electrophiles. To distinguish between

them, consider the rate laws in experiments with 12/13- as the limiting

reagent, ge consider three cases, in which Kf represents the formation

constant of 13-, and kobsd the value of -dln[12]/dt:

(I) 13- is the only active electrophile:

[k13 Kf[I-]}[RCrL(H20)2+]
kobsd = ------. (11-4)

i + Kf[l-]

(2) 12 is the only active electrophile:

2+

kI2[RCrL(H20) ]
= (11-5)

k°bsd I + Kf[l-]

(3) Both 13- and 12 are active electrophiles:

{kI Kf[I-] +_kI }[RCrL(H20)2+J3 2 "
kobsd = (II-6)

I + Kf[I-]

The distinction between these cases clearly lies in the form of the
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dependence of kobsd upon [I-]. For ali the primary alkyl chromium

complexes studied, the pseudo-first-order rate constant decreases as

the free iodide concentration increases, as shown in Figure 11-3. The

clear linearity in the plots of kobsd versus [RCrL(H20)2+]/(I + Kf[l-])

shows that only 12 is the active electrophile and the rate law of eq

11-5 applies. Thus 13- serves only as a chromophore useful in

following the progress of the reaction, and is in instantaneous

equilibrium with 12 (I3- == I" + i2). Consistent with that, the

kinetics were unaffected by the variation of ionic strength in the

range 5 x 10-3 to 0.8 M.

The only organic product of the reaction was identified by gas

chromatography as the alkyl iodide. As an independent test for the

formation of RI, we conducted a two stage reaction. In the first stage

of this process, the reaction between 12 and the organochromium

macrocycle RCrL(H20)2+ (here R = C2H5, I-C3H7, and 4-BrC6H4CH2 ) was

carried out with a slight excess of the latter. Then a solution of

(H20)2CrL2+ was added to react with any RI formed. Upon this addition

the spectrum of RCrL(H20) 2+ quantitatively reappeared. This confirms

the quantitative production of RI in the initial reaction with iodine

as given in eq II-3.

Other lines of evidence supporting the mechanism were obtained

from stoichiometric relationships. A spectrophotometrlc titration

(Figure 11-4) shows the stoichiometric ratio of I2:EtCrL(H20)2+ to be

I:I. The absorbance changes with either 12 in excess (no free I-

added) or RCrL(H20)2+ in excess (free I- added) are consistent with

the l:l stoichiometry In the case of I-C3H7CrL(H20) 2+• , a kinetic
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study was also conducted with 12 in excess (no free i- added) affording

the same second-order rate constant as shown in Table II-3.

The slopes in Figure II-3 give the second-order rate constants for

the bimolecular reaction between 12 and RCrL(H20) 2+ (eq I!-3), as shown

in the applicable rate law, eq II-5. The second-order rate constants are

summarized in Table II-4. The decrease in rate constant from R = Me (k =

4.7 x 103 M-! s-l) to n-Bu (8.9 M-I s-l) is to be noted. In particular,

this trend points to an SE2 mechanism proceeding with inversion of

configuration at carbon. The values reflect a trend in which the rate

constant declines as the alkyl group gets bulkier because of increasing

steric hindrance on the alpha carbon from methyl to l-butyl. 2

Chain Reaction between 4-BrC6H4CH2CrL(H20)2+ and Iodine. When the

chromium complex is present in excess (" 10-4 M), the reaction is half-

order with respect to the iodine concentration, as illustrated in Figures

II-5 and II-6. Under those conditions, the presence of 02 results in a

much slower reaction and a pseudo-first-order kinetic profile. A

decrease in the concentration of the chromium complex to "10 -5 M, while

keeping the 12 in excess, also results in a pseudo-flrst-order trace even

under strictly anaerobic conditions. The reaction proceeds much more

rapidly when the chromium complex is l_sed as excess reagent (st -10 -4 M

level) than it does when iodine is present in excess (at the same "10 -4 M

level). These observations suggest a free radical chain pathway which

requires a relatively high concentration of 4-BrC6H4CH2CrL(H20)2+ and

anaerobic conditions to proceed.
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Several extraneous reagents were used to diagnose the reaction

mechanism. This entailed the addition of a substance (02, Cu2+, or Fe2+)

that might fulfill a chain breaking role. Blank experiments confirmed

the absence of a reaction between each of these reagents and the

bromobenzylchromium cation.

Addition of 02 (< I mM) or CuCI 2 (4 mM) significantly retarded the

reaction and changed the appearance of the kinetic trace. Figure II-5

illustrates the unaffected half-order absorbance-time profile along with

ones with added 02 and Cu 2+. Dioxygen is well known to react rapidly

with free radicals (C2H 5. + 02 -----> C2H500. , for example, has k = 4_7 x

109 M-I s-l), 17 and presumably plays this chain-breaking role in the

overall reaction scheme. The oxidation of benzyl radicals by Cu2+ has

been established as well: 18

PhCH 2 + Cu2+ + H20 --> PhCH20H + Cu + + H+ (11-7)

The dramatic inhibitory effect of Cu2+ again points to the involvement of

4-BrC6H4CH 2" radical in the chain reaction.

Addition of Fe2+ as Fe(ClO4)2(a q) (0.04 - II mM) effectively

decreases the reaction rate as shown in Figure II-5. The kinetic profile

fits a fractional order between 0.5 and i. The reaction

Fe2+ -
+ 12 -----> Fe3+ + 2I (II-8)
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with k8 = 6 x 106 M-I s-1,19 is believed to be the reason for the

retardation by Fe2+. Hence I2"- is suggested as another chain-carrying

radical intermediate.

A more detailed ana].ysis of the kinetics of the chain reaction is

now given. A plot of the instantaneous reaction rate versus the average

concentration of 12 in the interval as a double logarithmic plot gave

lines of slopes between 0.47 and 0.58. In other words, the order of the

reaction with respect to [I2] appears to be 1/2. The rate law at a

constant concentration of the bromobenzyl chromium complex is thus:

1/2
-d[I2]/dt = kobsd[I 2] (II-9)

This was tested by application of the integrated i_alf-order equation;

plots of the kinetic data as (A t - A®) I/2 versus time give a straight

line as depicted in Figure 11-6. The slope of the half-order plot is a

function of the concentration of the excess bromobenzyl chromium

reagent. A plot of In kobsd vs in {4-BrC6H4CH2CrL(H20)2+ ] has a slope

of 1.5, implying a kinetic order of the reaction with respect to

organochromium complex concentration of 3/2. The plot of kobsd vs

[4-BrC6H4CH2CrL(H20)2*] 3/2, shevn in Figure 11-7, defines a straight

line through the origin; its slope gives the second-order rate constant

kl0 = 18.3 M-I s-l, as defined by eq II-i0.
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-d[4-BrC6H4CH2CrL(H20)2+ ] 1/2

dt = klo[12] [4_BrC6H4CH2CrL(H20)2+] 3/2 (II-I0)

The chain mechanism proposed to account for the kinetic data is the

following (with p-BrC6H4CH2CrL(H20) 2+ = RCrL2+):

RC_L 2+ L3+ .-
+ 12 ----> Rtr + 12 (II-ll)

RCrL 3. > R" + CrL 3_ (II-12)

R" + 12 + I--------> RI + 12 (11-13)

I + RCrL 2+ -> RCrL 3+ -"- • 21 (11-14)
2

212 .......> 13 + I (11-15)

The resulting net reaction, assuming that the kinetic chain is long, is:

RCrL2+
+ 12 -------->RI + CrL 3+ + I (11-16)

With the steady-state approximation for the concentration of 12"- and the

aralkyl radical, the rate e×pression associated with the mechanism given

in eq II-ll to 11-15 is the following:



-d[RCrL2+]/dt = kl4(kll/kl5 )I/2 [RCrL2+]3/2[I2 ]I/2 (II-17)

The predominant organic product of the reaction was determined to be

RI by the method herein previously described, in which the reformation of

RCrL 2+ was observed upon addition of the chromium(II) macrocycle.

Further confirmation came from the observed absorbance change at 352 nm,

which was consistent with the formation of RI in eq 11-13, and not (for

example) ROH from a reaction such as R' + 12 + H20 -----> ROH + H4' + 12'-.

The unique aspects of the mechanism are the oxidatively induced

homolysis and the consequent participation of a chromium(IV) macrocycle

in a kinetic chain. To our knowledge this is the first kinetically

characterized reaction of RM in which the RM + species is a chain-carrying

intermediate and homolysis of a transition metal-carbon bond is involved

in a chain propagation process. Also, it should be noted that the mild

oxidant 12 reacts just sufficiently to initiate the kinetic chain (eq II-

II), and the much stronger oxidant 12"- is required to cause chain

propagation (eq 11-14).

Exploratory experiments were conducted on the reactions between

iodine and other benzylchromium macrocycles and on two secondary alkyl

complexes. Fractional order kinetic behavior was also observed for R =

PhCH 2, 4-CH3C6H4CH 2, 2-C3H 7, and 2-C4H 9. We surmise that each of these

reactions also proceeds by a chain mechanism, most likely as in eq II-II

to II-15. Detailed measurements were not conducted in any of these

cases, however.
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One notes the facility of the oxidation of 4-BrC6H4CH2CrL(H20) 2+ to

the corresponding Cr(IV) complex, as shown in eq II-ll. Independent

studies show that RCrL(H20) 2+ complexes, with R = aralkyl and secondary

alkyl, are readily oxidized by various kinds of weak oxidants (e.g.9

Fe3+, ABTS'-, 20 and CoIII(tetraeneN4+). These studies will be reported

elsewhere. 21

Bimolecular glectrophilic Substitution Reaction between

4-BrC6H4CII2CrL(R20)2+ and Iodine. All indications of a chain reaction

disappear when the reaction is conducted under different concentration

conditions. Evidently a new pathway becomes important. This occurs when

the bromobenzyl chromium complex is used as the limiting reagent at

sufficiently low concentrations (_ 10-5 M). Under these conditions the

rate law appears to be first-order with respect to each reagent. The two

pathways operate in parallel, and the complete rate law is

_d[RCrL2+]/dt = kl [12]IRCrL2+ ] + klO[12]I/2[RCrL2+] 3/2 (11-18)
2

The relative importance of the two terms is governed mainly by the

concentration of the organochromium complex. Experiments to evaluate the

kl2term were conducted in the following concentration ranges:

[RCrL2+]o = 1.9 x 10-5 and [I2] = (0.33 - i°i) x 10-3 M. The kinetic

data fit fairly well to pseudo-first-order kinetics, but not perfectly,

since the fractional-order term is not entirely negligible. The value of

kI was estimated from the iodine variation and has the value of 9.5 M-I
2

f

_
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s-I. The product analysis shows that RI is the only organic product both

in the absence and in the presence of 02. This result confirms the

nature of the observed bimolecular process being an electrophillc

substitution. The relative importance of the klo term in eq II-18

increases as the chromium concentration increases. At high (> 10-4 M)

concentrations the chain pathway becomes predominant.

It is noted that the complexes with primary alkyl groups behave

differently toward iodine compared to those with aralkyl and secondary

alkyl groups. This difference is related to the ease of oxidation of a

given class of these complexes and by the different stabilities of the

corresponding free radicals. Aralkyl and secondary alkyl groups are more
i

electron donating than primary alkyl groups, resulting in more oxidizable

organochromium complexes Also, the greater stability of secondary and

aralkyl radicals compared to primary alkyls makes the homolysis of the

organochromium(IV) macrocycle (eq II-12) occur more readily. Both of

these factors facilitate the chain process for the secondary alkyl and

aralkyl chromium macrocycles, and disfavor that for the primary alkyl

complexes.
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Table II-I. Crystallographic Data for {4-BrC6H4CH2CrL(H20)](CIO4)2.THF

,..,.-,. "IL,, ,H ,

Formula CrBrCI2OIoN4C22H42

Formula weight 725.4i
j..

Space group P2j/c (no. 14)

a, A Ii.6_3(3)

b, A 8.816(3)

C, _ 29.959(8)

8, • 96.29(1)

V, A3 3067(3)

Z 4

dcalc, g/cm 3 1.571

Crystal size, mm 0.30 x 0.14 x 0.13

U (HoK_), cm-I 18.84

Data collection instrument Enraf-Nonlus CAD4

Radiation (monochromated in incident beam) HoK_ (X = 0.71073 A)

Orientation reflections, number, range (28) 25, 14 ° < 28 < 32 o

°C 22 + 1Temperature,

Scan method ® - 2e

Data collection range, 20 deg 0 - 45

No. of unique data, total: 4018

with Fo2 > 2.5a (Fo2): 1293

Number of parameters refined 163

Trans. factors, max, min (psi-scanS) 1.00, 0.93

Ra 0.0806

Rwb 0.0943

0uality-of-fit indicator c 1.66

Largest shift/esd, final cycle 0.15

Largest peak, e/A 3 0.69

aR = :llFol- IFcJt/ZlFol.

bRw = [Ew(JFol - IFcl)2/EwlFo}2}i/2; w = i/[o'2(IFol) + O.0011FoI2].

COuality-of-fit = [£w(IFol - IFcl)2/(Nob s - Nparameters )]I/2.

=

llrlllilel,,q ." I, 1,H,,ll r,,, _, iI'IIi r '_' lr l,i1111'II "i11""_'.i _r' _p' ,II' " if'lr'i ",mrl _Pll '_ Pl}Irl'*"' ,m,,ll,,.,,l_,,,_ II , ,,'llI_l ,,I ,, , _ , lIp,.l,,, rlrl]l_Ir, ,' ,II_'_,II,i_ll, _, ,_r.... ,q_'i I_ "qllpl 51' , IIliq' II' II 1_Ilrl,, ,lli_,,_l,,,iIii ,,,qkl_l,II,pp.l , ,,_ill_l=]i- p, , ,ppllI ,=
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Table 11-2. Bond Distances (A)

Atom 1 Atom 2 Distance Atom I Atom 2 Distance
R||||| I|HWB| B||||UB| ||N|RR ||_||| D_|BR|_S

Cr O(I) 2.13(I) C(3) C(4) 1.48(3)

Cr N(1) 2.11(2) C(5) C(6) 1.52(3)

Cr N(2) 2.08(2) C(6) C(7) 1.56(3)

Cr N(3) 2.12(2) C(8) C(9) 1.44(4)

Cr N(4) 2.08(2) C(9) C(10) 1.60(5)

Cr C(1) 2.14(2) C(II) C(12) 1.56(4)
i

Br C(24) 1.89(1) C(21) C(22) 1.39(2)

N(1) C(2) 1.52(3) C(21) C(26) 1.39(2)

N(1) C(12) 1.45(3) C(22) C(23) 1.40(1)

N(2) C(4) 1.50(3) C(23) C(24) 1.39(2)

N(2) C(5) _.45(3) C(24) C(25) 1.39(2)

_(3) C(7) 1.36(3) C(25) C(26) 1.39(1)

N(3) C(8) 1.53(3) O(I0) C(31) 1.43(3)

N(4) C(10) 1.24(5) O(i0) C(34) 1.45(3)

N(4) C(ll) 1.82(4) C(31) C(32) 1.46(4)

C(1) C(21) 1,48(2) C(32) C(33) 1.4315)

C(2) C(3) 1.50(3) C(33) C(34) 1.43(5)

Numbers in parentheses are estimated standard deviations in

the least significant digits.

=



$4
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Table 11-4. Second-Order Rate Constants for the Electrophilic Cleavage of

Chromium-Carbon Bonds of RCr([15]aneN4)H202+ by Iodine a

R k/M -I s-I

CH3 4.7 x 103

C2H 5 8.1 x I01

n-C3H 7 1.2 x I01

n-C4H 9 8.9 x I00

4-BrC6H4CH 2 (9.5 x IO0)b

aln aqueous solution at 25.0 °C; ionic strength 0.2 M (HCIO 4 +

NaCIO4). [H+] = O.010 M.

bElectrophilic pathway only (see text).
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Figure II-l. Plot for the reaction of CrL(H20)2+ with 4-BrC6H4CH2Br

showing the variation of the pseudo-flrst-order rate

constant kobsd with the concentration of the chromlum(II)

macrocycle° The inset shows a stopped-flow kinetic trace

for a run with [CrL2+] o = 9.0 x 10-4 M and IRBr] = 8.8 x

10-6 M

I_lr _,,I ,' 't,L_',l _l*i_''lldI ', .... IPIj' _l' Iw _,1,, ,'w ,_n_ll_,rll%, _,,I , II IlII,H,,, I, .... pl;lh, ,llll,, 'l_r '_lhlP'" " 'ltl "11'_ '''rl'kll ' lI _' _ 'lT I __ '2 I '_ '1"' II'lilTIlllllf"' H '1_ lr I1' '_"1_"p' _I'P',l,rlI,_,_l,-,,' ,,



Figure II-2. ORTEP diagram of the bromobenzyl chromium macrocycle

showing (a) the molecular structure of the cation and (b)

the primary coordination shell o£ the chromium, with

emphasis of the distinction between sides A (above) and B

(below)
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10' x [RCrL '°] / (I+K[I'])

0 2 4 6 .3 10 12 14

12 _..... l l ,I 12

10 10

FiEure II-3. Plots of kinetic data for the reaction of alkylchromlum

macrocycles (R = He, O_ C2H5, ._ 1-C3H 7, *i 1-C4H9, )

with iodine in acidic solution showing the effects of the

variation of the alkylchromium an4 iodide concentrations.

[RCrL(H20)2+]o = (0.02 - 2.8) x I0-3 M; [I-]o = (i.0 -

8.0) x 10-3 Hl [I2]o = (0.39 - 2.2) x 10-5 H

_ .
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showing the endpoint at a I:I ratio
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Fi_lre II-5. Kinetic traces for the reaction of 12 (2.0 x 10-5 M) and

4-BrC6H4CH2CrL(II20)2+ (1.7 x I0-4 M). The unaffected

chain reaction is shown along with reactions that are

inhibited by 0 2 (1.3 x 10-3 M), Cu 2+ (4.0 x I0-3 M), and

Fe 2+ (3.7 x i0 -4 M). Each run contained 4.0 x i0 -3 M I-
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Flgure II-6. Plot showing the fit to pseudo-half-order kinetics in a

reaction between 12 (2.0 x 10-5 M) and

4-BrC6H4CH2CrL(H20)2+ (1.6 x 10-4 M) in tilepresence of I"

(4.0 x 10-3 M)
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10-3 M)
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PART III. REACTIVITY OF ORGANOCHROMIUM COMPLEXES TOWARD INORGANIC

RADICALS. A PULSE RADIOLYSIS STUDY



67

INTRODUCTION

In a previous paper I of this series we discovered a chain reaction

between organochromium(III) macrocyclic complexes RCrL(H20) 2+ and iodine

where an oxidation step of RCrL(H20) 2+ by a diiodide radical anion I2"-

served as one of the chain propagation steps.

q

RCrL(H20)2+ + 12"- _ RCrL(H20)3+ + 21- (III-i)

This study seeks independent evidence of the oxidation of

RCrL(H20) 2+ by dihalogen radical anions. It concerns the rate of the

oxidation as well as the reaction mechanism.
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EXPERIMENTAL SECTION

Reagents. Organochromium(lll) complexes were prepared according to

the known methods. 2,3 The concentrations of various organochromlum(lll)

complexes were measured spectrophotometrlcally. I-3 Sodium halides and

sodium thiocyanate solutions were prepared from commercial A.R. grade

solids and triply distilled water. Ali solutions were deaerated and

saturated with N20 for the purpose of pulse radiolysis.

Pulse Radiolysis. The oxidizing reagents X2'- (X = I, Br, SCN) were

generated from the O2-free , N20-saturated aqueous solution of sodium

halides or sodium thiocyanate. 4

The pertinent reactions are as follows,

- • H+ H202 (111-2)H20 + e (pulse) --_eaq- , HO', H , ,

N20 + eaq + H+ --_HO' + N2 (III-3)

HO" + 2X- --->.OH- + X2'- (111-4)

X2"- + RCrL(H20)2+ ---> 2X- + RCrL(H20)3+ (111-5)

The acidity of 10-4 M was used so that eaq reacts as in eq 111-3, not

with H30+. An ionic strength of 0.I M was realized by addition of

NaCIO 4. No thermal reaction was found between N20 and

organochromium(III) complexes. Pulse radiolysis experiments were

performed at Argonne National Laboratory with an electron beam of 15-MEV

and 4-ns pulse length. The reaction were followed by monitoring the

disappearance of X2 °- at various wave lengths (e.g., 340, 370, 400, 475
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nm).4-8 A l-cm or a 2-cm cell was used depending on the concentration of

radical anions and organochromlum complexes to obtain a sizable change of

optical density and at the same time minimize the background absorbance.

Pseudo-flrst-order rate constants were calculated from the observed

kinetic traces by using a nonlinear least-squares data fitting program.



70

RESULTS AND DISCUSSION

The reactions were conducted under conditions with concentrations of

orEanochromium(lll) complexes RCrL(H20) 2+ in large excess over those of

oxidants X2'-, so that the pseudo-first-order rate constant (kob s) varied

linearly with [RCrL(H20)2+]. With the concentration of

organochromium(lll) complexes typically controlled at 10-4 ~ 10-3 M, the

pseudo-first-order rate constants observed range from 9 x 103 to 8 x 104

s-I consistent with the role 12'- played in the chain reaction with

RCrL(H20) 2+ .

The pseudo-first-order rate constants obtained are independent of

the wavelength of observation. The influence of the second order radical

self reaction is often significant only to the first several percent of

kinetic data which were obtained immediately after the pulse. Generally

speaking, the contribution of the radical self-reaction to the total

optical absorbance change is normally small and constant and can be

corrected by blank experiments conducted under identical conditions but

in the absence of RCrL(H20) 2+. Good quality of data fitting was obtained

in most of the cases. A typical plot is shown in Figure III-I.

A linear relationship between kob s and [RCrL(H20)2+ ] was observed

throughout the concentration range used, as depJcted in F1_ire III-2.

The second-order rate constants are listed in Table III-I along with

other pertinent values.

The second-order rate constants increase as the oxidizing ability of

the oxidants. But the change in rate constants for a given
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Br2"- is much smaller than one would expect based on calculations

according to Marcus theory. 9 Similarly, for a chosen radical anion, the

change in the rate constants along the series of alkyl groups is also

smaller than that observed with IuCl62- as an oxidant (Table III-1).

When IrC162- was used, the observed ratio of rate constant of

4-CH3C6H4CH2CrL(H20)2. over that of 4-BrC6H4CH2CrL(H20)2+ is ca. 40

whereas in Br2'- or (SCN)2"- series, the ratio is only ca. 2. More

pronouncedly, in the IrCl62- series, the ratio of rate constant of

2-C3H7CrL(H20)2+ over that of I-C3H7CrL(H20)2+ is ca. 8 x 103 whereas in

the Br2"- and (SCN)2"- series is only ca. 6.

Apparently, an X2"- oxidant reacts quite differently with

RCrL(H20)2+, as compared to transition metal complexes. For example,

4-CH3C6H4CH2CrL(H20)2+ reacts with IrCl62- (E° = 0.89 VI0) and Ru(bpy)33+

(E° = 1.26 VII) at specific rates of 4.60 x 105 M-Is -I 12 and 1.O5 x 109

M-Is-I 13 respectively. The observed 5 x 103 times difference in rate

constants is quite consistent with what is predicted by Marcus theory

based on a pure outer-sphere electron transfer mechanism. But the

linearity and the typical slope of 0.5 are no longer obtainable in a plot

of Ink vs. E° (oxidants) with a series of oxidants including any X2"-,

even though the charge carried by X2"- is between those carried IrC162-

and Ru(bpy)33+.

lt is noticeable that the small changes of k along the series of

alkyl group or along the series of X2"- can not be accounted for by the

intrinsic modest response of rate constant to the driving force in the

"plateau region" of a ink vs. E° plot, since bigger responses were

observed with other oxidants (e.g., IRC162-). 12
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Ali these facts seem to suggest the formation of a loosely bound

adduct {X2'-,RCrL(H20)2+] prior to the electron transfer step.

X2.- + RCrL(H20)2+ ==== [X2.-,RCrL(H20) 2+} k6, k_6 (III-6)

{X2.-,RCrL(H20) 2+} ----> 2X- + RCrL(H20) 3+ k7 (III-7)

If

k k°bs k6k7= = (IZI-8)

[RCrL(H20)2+ ] k_6 + k7

and if k7 is proportional to the driving force for the electron transfer

step as predicted by Marcus equation, 9 the depressed response of the

change in k values to the change of E° values of X2- must indicate a very

small (k6 /(k_ 6 + k7) value. This implies a very unstable adduct with

respect to both dissociation and electron transfer.

While we can not exclude the possibility for the adduct to be an ion

pairing complex, we are inclined to suggest that the adduct reflects an

interaction between X2'- and the =-carbon of the alkyl group bound to

chromium. This is because: (I) No indication of ion pairing was

observed in the previous study when the charge of the oxidants changed

from 2- (IrCl62-) to 3+ (Fe3+). 12 (2) As revealed in Table III-I, the

depressed response of the change of k to the change of alkyl group Sn

RCrL(H20)2+ was obser_ed with singly charged X2'- series whereas a much

larger response was observed with doubly charged IRC162-. We believe

that the interaction X2---RCrL(H20)2+ bears an intrinsic connection with

the polarizing ability of halogens. While a direct attack by X2"- at a

o_-carbon bound to a metal is not known, the same attack by X2 is well
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documented. 7 Perhaps the major difference between the attack by X2 and

that by X2"" is that the former is a two electron reagent thus the

electrophilic substitution products (X-, RX, CrL(H20) 3+) were formed I and

the latter is an one electron reagent 6 hence the electron transfer

_roducts (2X-, RCrL(H20)3+) were formed.
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PART IV. REVERSIBLE ELECTRON TRANSFER REACTIONS OF

ORGANOCHROMIUM(III) MACROCYCLIC COMPLEXES
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IbFI"RODUCTION

,

Transition metal complexes containing metal-carbon bonds are known
=

to participate in various oxidation mechanisms. I Unlike inorganic

complexes, where the metal may exist in two or more stable oxidation

states (particularly with well-chosen ligand sets), an one electron

oxidation of the organometal (RM) yields a species (RM+) which often

undergoes ready decomposition, usually by homolysis (RM+ _ R' + M+).

The series of complexes (H20)sCrR2+ is oxidized by strong one-

electron acceptors such as Ni(cyclam) 3+, E° 1.0 V; 2 Ru(bpy)33+, E° 1.27 .

V; and NO +, E° 1.51V. 2-4 Each of these reactions yields (H20)sCrR3+ as

a transient. Although not (yet) detected directly, the presence of this

transient is indicated by the formation of Cr(H20)63+, by products

derived from R', and by stoichiometric factors that become incorporated

into some rate constants. Interestingly, the much milder5_ 6 oxidant Br 2

reacts with (H20)sCrR2+ by a straightforward electrophi].ic mechanism

(SE2),7 and not by an oxidative process

The mechanism of chromium-carbon bond cleavage by halogens changes,

however, when this organometal is incorporated into a macrocyclic ligand.

Even with a mild acceptor like 12, 8 the complexes SSRS-RCrL(H20)2+ (R =

ArCH 2, 2°-ai_'y]; L = 1,4,S,12-tetraazacy_']opentadecane) react by a

radical chain mechanism in which the initiating step is electron transfer

(eq IV-I). 9 Presumably the macrocycle, a much more electron-donating

ligand, lowers the potential such that its organochromium complexes are

more readily oxidized.

r
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RCrL(H20)2+ + 12 ____> RCrL(H20)3+ + 12'- (IV-I)

It thus became of interest to examine the reactions wlth other

species capable of oxidizing the RCrL(H20) 2+ complexes. One problem In

gaining a fundamental understanding of such reactions is the lack of

information about the RM+/RM reduction potential and self-exchange rate

(SER). Kinetic studies can provide an approach to both issues by

relating a given cross reaction to the reduction potential by means of

the Marcus-Hush theory. The approach we suggest Is to use two oxidants

for a given RCrL(H20) 2+ complex, from which the E° and SER of the

RCrL 3+/2+ couple can be estimated.

We have first chosen to examine the oxidation of one organometal,

4-BrC6H4CH2CrL(H20) 2+, by a series of electron acceptors'. ABTS'- (A-),

IrCl62-, and Fe(H20)63+. Thls enables the electron-transfer mechanism

to be considered in the absence of E° and thet_ER for RCrL(H20) 2+.

Then two oxidants were chosen such that one is weak (ABTS "-/2- E°

0 43 V), the other strong (E° = 0.89 V). With the weak oxidant, the
• IrCl 6

retarding effect of ABTS 2- can be tested experimentally, which can in

turn provide an additional ,rate constant ratio from which a lower limit

can be set for "he kinetic lifetime of the purported product,

RCrL(H20)3+. An upper limit of the lifetime of RCrL(H20)3+ can then be

set by its reaction rate with the strong oxidant. A combination of these

limits allows an estimate of the EO value and SER constant of the

RCrL(H20)3+/2+ couple.
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As far as the oxidation processes themselves are concerned, we ask

the folIowing questions. How are the RCrL(H20) 2+ species oxldlzed'! What

are the decomposition products of RCrL(H20)3+? What is the rate of its

decomposilion, and how does it compare to that of its 2+ parent? What

role do the R groups play? What is the structure of transition state of

the electron-transfer process? We have focused with ABTS'- primarily on

4-BrC6H4CH2CrL(H20) 2+, whose reaction with iodine was the one most

carefully studied. 9 With IRC162- as oxidant, an entire range of alkyl

and aralkyl groups was explored.
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EXPERIMENTAL SECTION

Materials. The organochromiLJm macrocycllc complexes RCrL(H20) 2+

with R - C2H 5, I-C3H 7, 2-C4H 9, 4-CH3C6H4CH2, C6H5CH2, and 4-BrC6H4CH 2

were obtained from the reaction Of (H20)2CrL2+ and RX and purified by

ion exchange on Sephadex C-25. 9,10 The following molar

absorptivlties were determined, which were then used to calculate the

concentrations of the complexes for the kinetic studies. For R = I-C3H 7,

_max/nm (¢/L mol -I cm-I) = 265(3.44 x 103 ) and 383(4.65 x 102); 2-C3H 7,

287(3.28 x 103) and 396(5.50 x 102); 2-C4H 9, 292(3.31 x 103 ) and 390(5.60

x 102); 4-CH3C6H4CH 2, 243(6.72 x 103), 281(7.65 x 103), and 302(6.78 x

103); C6H5CH2, 273(7.92 x I03), 297(7.47 x 103), and 353(2.17 x I03);

4-BrC6H4CH2, 247(1.07 x I04), 281(9.82 x 103), 303(8.83 x 103),and

3{i_[_.40 x 103). 9-11

The compound (NH4)2ABTS (_,_,-azino-bls(3-ethylbenzthiazoline-

6-sulfonic acld)diammonlum salt, see structural formula) was purchased

(Aldrich); it was converted to the radical ion ABTS'- by oxidation with

an equivalent amount of ceric ammonium sulfate. The radical ABTS'-

N N ABTSZ-

I I
C,2Hs C2Hs

persists in solutions for several weeks; it is characterized by a number

of UV-visible absorption bands of vhichthe peak at 650 nm (z 1.01 x 104

L mol -I cm-I) was used to follow its reactions. Other reagents were

obtained from standard sources and used as received.
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Techniques, Kinetics. Kinetic measurements were conducted at 25 °C
p

with [H+] = 1.0 x 10-2 H (perchloric acld) and ionic strength 0.20 H

(maintained with sodium perchlorate), Air-free conditions were

maintained in ali experiments by a blanket of argon. Depending on the

rate constant for a glven reaction, kinetic data were collected with a

Durrum-Dionex stopped flow spectrophotometer or a conventional

spectrophotometer, a modified Cary 14. Both instruments are controlled

by the On Line Instrument Systems data acquisition and analysis software.

Kinetic data were flt to the equation Dt = D® + (Do-D_)exp(-k_t) by a

nonlinear least-squares method.

z

lalF',,_,Itp_plVIII'I'',111,#Ir 11',,_llllljll,,,t,,lJ,i,_II'II_ll,rlm , ,,II_4,,_ ,,'_i,i,III'* _,II_llr....tltilll,_tt,41_,t_',,,,_,IT"lMl,_11VpjlVlllq,rlli,'ll_r11,11, ,_olIII'I_ '"....._PlII'I"' '"M,'IM,ril¢rl,l, l)Irlltll,rlIlMIl,ll,Ii ,, ,l,,rl_M_l,_11141,
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RESULTS AND DISCUSSION

Reactions of 4-BrC6H4CH2CrL(H20)2+ with ABTS'-. The ABTS'- radical

functions as an oxidizing agent with E° = 0._3 V.12 We suggest that,

following the electron transfer step, the species RCrL(H20)3+ undergoes

homolysls, with the resulting radical forming an adduct with ABTS'- in a

known reactlon.13 These reactions are shown as follows:

RCrL(H20)2+ + ABTS'- _'-'->RCrL(H20)3+ + ABTS2- (k2,k_2) (IV-2)

RCrL(H20)3+ + H20------->R + (H20)2CrL3+ (k3) (IV-3)

R' + ABTS'--------->R-ABTS- (k4)13 (IV-4)

According to this scheme, the reactions should show a stoichiometry

of 2 ABTS'- : 1RCrL(H20)2+. This ratio is indeed found by

spectrophotometric titration as shown in Figure IV-I_ The rate equation

derived on the basis of eq IV-2 to IV-4, with the steady-state

approximation for [RCrL(H20)3+], is

_d[RCrL(H20)2+] k2k3[ABTS'-] [RCrL(H20)2+] 2+
= ......----= k_[RCrL(H20 ) ] (IV-5)

dt k3 + k_2[ABTS2]
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With ABTS'- (1.2-12.0 x 10-5 M average conc.) in excess over

4-BrC6H4CrL(H20)2+ (2.1-5.9 x 10-6 M), and with no added ABTS 2-, the

expression reduces to k_ = k2[ABTS'-]. This is illustrated in Figure

IV-2. The average value of k2 is (1.51 ± 0.11) x 102 L mol -I s-I in six

determinations. A series of seven experiments was then done with added

ABTS 2- (range of average concentrations 7.0 x 10-6 - 3.39 x 10-4 M).

Values of k_ become smaller with increasing [ABTS2-], as expected from eq

IV-5° A nonlinear least-squares fit to eq IV-5 affords an independent

estimate of k2 = (1.51 ± 0.IO) x 102 L mol -I s"I, and the ratio k_2/k 3 =

(6.7 ± 0,7) x 103 L mol -I. The effect can be displayed graphically by a

rearrangement to eq IV-6, which is useful since all these experiments had

[ABTS'-]av = 9.32 x 10-5 M. The data are shown according to eq IV-6 in

Figure IV-3.

= '- - _ (IV-6)k_ k2[ABTS lav (k 2/k3)k,!_[ABTS2- ]av

Oxidations of 4-BrC6H4CH2CrL(H20) 2+ by IRC162- and Fe(H20)63+.

The reaction with IrCl6 2- also proceeds with a 1:2 stoichiometry

(Figure IV-I). The scheme is analogous to eq IV-2 to IV-4, except that

the fate of the radical is oxidation to a m]×ture of alcohol and

halide: 14

H+
•> ROH + IRC163- + (IV-7)

R' + IRC162- + H20 ----

-> RCI + IrCI5(H20)2- (IV-8)
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Kinetics experiments were done both with [RCrL(H20) 2+] > i0 [IrC162-] o

and with [IrCl62-] > IO[RCoL(H20)] o, In all, the concentration

variations were [RCrL(H20)2+]o = 1.55 x 10-5 - 2.44 x 10-4 M and

[IrC162-]o _ 5 x 10-6 - 4.5 x 10-3 M in eleven experiments. The reaction

follows mixed second-order kinetics with k = (1.29 ± 0.18) x 104 L mol -I

s-I where k is defined by the rate law, -d[RCrL(H20)2+]/dt =

_d[IrC162-]/2dt = k[RCrL(H20)2+][IrCI62-].

The reaction with the mild oxidant Fe3+ (E°Fe = 0.745 V) 15 has a I:I

stoichiometry, and produces Fe2+ according to a test of the products with

l,lO-phenanthroline. Kinetic data were obtained in 7 experiments with

concentrations of (1.6 - 8.0) x 10-5 M Fe3+ and (I.O - 6.8) x 10-4 M

RCrL(H20)2+. The second-order rate constant is 3.09 ± 0.28 L mol -I s-I.

The reaction stoichiometry deserves a comment, in that irl the sequence eq

IV-2 to IV-4 (modified to include Fe3+ in piace of ABTS'-), one expects 16

the final step to be oxidation of the benzyl radical by Fe3+ (ARCH 2' +

Fe3+ + }{20 _ ArCH20H + Fe2+ + H+). The stoichiometry indicates this does

not occur, ge suggest that the oxidation at these very low [Fe3+] is too

slow to compete with radical dimerization.

Analysis of Oxidation Rates on the Basis of the Marcus Equation.

Given that each oxidiz_n_ a_ent ha_ a kno_n reducti.on potential.

(BOox) 12,15,17 and some have known self-exchange rate constant

(kll) 17--19, it is possible to consider the data further. Flrst9 the

self-exchange rate of ABTS 2-/'- (kAA) was calculated here from the c_oss-

reaction rate constants for tile reactions of RCrL(H20) 2+ with ABYS'-
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(kAc r) and IrCl62- (klrCr) and their known reduction potentials acco_ .!ing

to

kAA {kIrIrexp[ (F/RT) (E° o )2= Ir-E A)]} (kAcr/kIrcr (IV-9)

This yields a value kAA = 2 2 x 109 L mol -I s-I. , a quantity not

previously reported. That this is a diffusion-controlled value, or

nearly so, is consistent with there being very little molecular

reorganization accompanying the redox change. With kAA known we can then

consider all of the cross reactions according to the simplified Marcus

cross relation, k12 = (kllk22K12)l/2; rearrangement yields

= + • -E°
21nk12 inkll + ink22 (F/RT)(E°ox RCr ) (IV-lO)

This predicts that a plot of Inkl2 versus [inkll + (F/RT)E°ox ] will be a

straight line with a slope of 0.5. In this series where a given

4-BrC6H4CH2CrL(H20) 2+ complex was used, even though neither k22 nor EoRCr

is known, it is still possible to consider the mechanism of the

oxidation. The experimental data are summarized in T-hie IU-1 and

plotted according to etI IV-lO _n Finite IV-4. The sIope of 0.49

indicates that this family of reactions proceeds by an outer-sphere

electron transfer mechanism. The intercept is -27.1, which will be

considered later.
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The Reduction Potential, Lifetime and Self-Exchange Rate of

RCrL(H20)3+. The reaction with Irt162- was conducted with either reagent

in excess. A single exponential kinetic trace was obtained throughout.

The absence of a second stage, even under the concentration conditions

where kw was the highest observed value (57 s-l), allows us to set a

rough lower limit k 3 > 60 s -1. The same limit of k 3 should hold for

the oxidation by ABTS'- as weil. Since the ratio k_2/k 3 is known (6.7

x 103 L mo1-1) for ABTS'-, we can set broad limits on k..2: 4 x 105 - 1

x 1010 L mo1-1 s -l, which combined with k 2 = 1.5 x 102 L mo1-1 s -1 and

E° A = 0.43 V affords a limit for the reduction potential of

4-BrC6H4CH2CrL(H20)3+/2+: 0.89 > E°RC r > 0.63 V. We therefore adopt

the value E°RCr = 0.76 ± 0.13 V.

With this potential, a cross-reaction rate constant k12 = 1.15 x 104

L mol -I s-I for RCrL(H20)2+ with !rC162- klrlr 2.0 x 105 L mol -I s-I9 = 9

17
and E°ir = 0.89 V, we calculate a self-exchange rate constant of ca. 4

L mol -I s-I for RCrL(H20)3+/2+. With the range of E°RC r values, the

self-exchange rate constant may be better expressed as a range: 5 x 10-2

< k < 7 x I02 L moi-I s-I.

The intercept in Figure IV-4, (-27.1) represents an experimentally

measured value of Ink22-(F/RT)E°Rc r based on eq IV-10. The value of

Ink22-(F/RT)E°Rc r ca]c,,]nred from the _opred E° : 0.76 and k : _ L mo] -I

s-I is In(4)-(F/RT)(0.76) = -28.2. The two values are in reasonable

agreement with each other.
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Oxidation of VarLous RCrL(B20) 2+ Complexes by IrCl62-. These

reactions also proceed with a stoichiometry of I RCrL(H20)2+:2 IrC162-

and a mixed second-order rate law. Kinetic data are summarized in Table

IV-2. The rate constants span a factor of 2 x 106 , from Me(k = 0.22 L

mol -I s-I) to p-xylyl (4.6 x 105 L mol -I s-l). Among the aralkyl

complexes, there is a clear trend in reactivity in which electron-

donating substituents on the benzene ring facilitate the reaction. The

data are fit by a Hammett correlation, log kx = log kH + _pp. The

reaction constant so derived is _ = -4.3. This substantial and negative

value implies a transition state at which the (formal) benzyllc carbanion

has become substantially more radlcal-like in character. That is,

electron transfer to IrCl62- is substantially advanced at the transition

state. We conclude from the magnitude of p that the site of oxidation Is

indeed the benzylic carbon and not the more distant chromium center.

This conclusion is consistent with the kinetic trends within the

series of alkyl complexes, where the rate progression is CH3 << C2H 5 =

I-C3H 7 = I-C4H 9 < 2-C3H 7 ~ 2-C4H 9. That is, the reaction is clearly not

hindered by steric bulk of the group R. This again signals a mechanism

in which electron transfer is rate controlling.

An interesting comparison can be made about the rate constant k3(k 3

> k![llrC162-}max ~ (57 _-I for R = 4-BrC_FT_CNp to 92 s-I for R = 2 r_F_7_)

of RCrL(H20) 3+ and the homolysis rate constant k3 of RCrL(H20) 2+ (kho m

10-4 s-l),ll where R = aralkyl and 2°-alkyl. We believe that it is the

different charge distribution in the transition state that causes k3 >>

khom.

L

t_

,ql,_plipp,It','li' _n, Ipln',r,'_,' ' ',,,Ii_,l,_,, , I_r'lll[,,.........
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According to the rules usual].y used for metal alkyls, the transient

species RCr([15]aneN4)(H20)3+ are "assigned" as containing chromium in

oxidation state +4. We note the PhCH2Co(dmgH)2 + unalogues certainly at_ce

complexes of cobalt(IV), because their kinetic lifetimes are sufficiently

long to allow an assignment from EPR data. 20-23 The reactlvities of the

two series are very different. The one undergoes unlmolecular homolysis,

eq IV-II, while the other is st_bject to nucleophillc attack, e.g., eq IV-

12. 23-26 lt is therefore not at ali unreasonable to suggest that the

entities RCr([15]aneN4)(H20)3+ are more reasonably formulated as Cr(lll)

complexes of R', rather than Ct(IV) complexes of R-. Further experiments

on the oxidized organochromium species are in progress.

RCrL(H20)3+ " )2CrL3++ H20 ----> R + (H20 (IV-ll)

PhCH2Co(dmgH)2OH2 + + Cl- + H20 -----> PhCH2CI + (H20)2Co(dmgH)2 (!V-12)
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Table IV-l. Reduction Potentials, Self-Exchange Rate Constants and

Cross-Reaction Rate Constants a Pertaining to the

Oxidation of 4-BrC6H4CH2Cr([15]aneN4)(H20) 2+

Oxidant kl2/L mol -I s-I kll/L mol-I s-I E°ox/V

IrC162- (1.29 ± O.18)xlO 4 2.0 x 105 b 0.892 c

ABTS'- (1.55 ± O.ll)xl02 2.2 x 109 d 0.43 e

Fe(H20)63. 3.09 ± 0°28 4.0 f 0.745g

aAt 25 °C, [H+] = 1.0 x ]0-2 M, and %J= 0.20 M maintained with sodium

perchlorate; bRef. 18; CRef. 17_ dThis workl eRef. 12; fRef. 19; gRef.

15.
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Table IV-2. Rate Constants a for the Oxidation of a Series of

RCr([15]aneN4)(H20)2+ Complexes by IRC162-

R k/L mol -I s-I

CH3 2.20 x I0-I

C2H 5 7.88 x I01

I-C3H 7 1.01 x i01

I-C4H 9 0.96 x I01

2-C3H 7 8.54 x 104

2-C4H 9 4.87 x 104

4-BrC6H4CH 2 1.29 x 104

C6HsCH 2 3.86 x 104

4-CH3C6H4CH 2 4.60 x 105

aAf 25 °C [H+] 1 0 x 10-2 M and _ O 20 M, maintained with

NaCIO 4•
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Figure IV-1. Spectrophotometric titrations of 4--BrC6H4CH2CrL(H20)2+ by

ABTS'- (A) (filled circles, m =-4) and IrCl62- (open

circles, m = -5) showing 1:2 stoichiometry as in eq IV-2 to

IV-4
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®" m L-1IO_X [ABTS ], oi

Figure IV-2. A plot showing the linear variation of kobsd with [ABTS'-]

in experiments wt thnut added ABT,_2-. The tn_et vhox,,,_ the

kinetic trace and the least-squares fit to it, for an

experiment with [ABTS'-]o = 1.05 x I0-z'M,

[4-BrC6H4CH2CrL(H20)2+}o = 6.0 x 10-6 H, [H+] = 1.0 x 10.-2

M at U = 0.20 M and 25 °C
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Figure IV-3. The inhibitingeffect of added ABTS2- is illustratedin a

plot accordingto eq IV-6

z

1
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15

0 I ,, I _ :30 35 40 45 50

InkIi+ FE°/RT

Figure IV-4. A plot showing the analysis of the rate constant for

oxidation of 4-BrC6H_CH2CrI,(H20) 2+ by IrCl62- _ccordlng to

the Marcus cross relation, eq IV-10. The ordinate is

derived from the second-order rate constants (Table IV-2),

and the abscissa scales the oxidizing ability of the

oxidants (Table IV-I)
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PART V. REDUCTION INDUCED COBALT-CARBON BOND CLEAVAGE IN

ORGANOCOBALT MACROCTCLIC COMPLEXES

I
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INTRODUCTION

Reduction induced cleavage of cobalt-carbon bond in organocobalt

macrocyclic complexes presents challenging questions. Detailed

mechanistic and kinetic information Is still insufficient to understand

fully the roles of _It_min B12 in the catalysis of reactions such as

skeletal 1,2-rearrangements,1'2 reduction of rlbonucleoslde trlphosphates,

3-5 and biosynthesis of methionine,6,7 methane,8-11 and acetate.10,12-14

A new domain of chemistry studying reactivlties of "partlal-strength" M-C

a-bonds, namely the reactivlties of M-C bonds in complexes containing one

15
or more electrons in antibonding orbitals, begins to emerge.

The electrochemical reduction of alkylcobalt(III) compounds generally

gives unstable alkylcobalt anions which decompose by the cleavage of the

Co-C bond. Both homolytlc and heterolytlc decomposition pathways were

reported to be operative after one electron reduction.16-21 For example,

in the case of RCoII(salen)-, when R = C6H516-18 or fluoroalkyl,19 the

decomposition yields R- and CoII(salen). For R = CH3 or C2H5, R" and

CoI(Salen)- are produced.17,20 These two decomposition mechanisms were

also observed for the bond cleavage induced by chemical reduction.22-27

It has been npticed in some cases that the equatorial ligand may play

an active part in the reduction induced cleavage of the Co-C bond. A

reversible trapping of the alkyl group by the equatorial ligands was

proposed to account for the c.a. 60-80Z recovery of the starting

organocobalt(III) complexes and for the retention of configuration of the

alkyl group after one-electron reduction followed ty re-oxidation.28 The
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electrochemical reductive cleavage of a steroidal cobalt porphyrin complex

proceeds with retention of conflguration. 29,30

Notwithstanding the wealth of information about the reduction

potentials, 21 littie is known about the reduction and decomposition

kinetics, 15 about the electron configuration of the reduced organocobalt

intermediates and about the mechanisms by which the equatorial ligands

participate in the reduction induced cleavage of the Co-C bond.

ge wish to present here the results of our investigation on a series

of organocobalt macrocyclic complexes, RCoIII(dmgBF2)2 A, where R = CH39

C2H 5, I-C3H7, 4-BrC6H_CH 2, C6H5CH 2, 4-CH3C6H4CH 2 and A = py, H20 and OH-.

ge will focus on the following issues: (I) The mechanisms of reduction

induced decompositions of organocobalt complexes. (2) The electron

configuration of RColI(dmgBF2)2 - and the reason that the Co-C bond In

these reduced species does not decompose immediately after reduction. (3)

Participation of the equatorial ligand, especially the possibility of the

alkyl group transfer and hydrogen atom transfer to the equatorial ligand.

(4) Reaction kinetics.
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EXPERIMENTAL SECTION

Materials. Organocobalt(lll) macrocyclic complexes, RCo(dmgBF2)2A (A

= py, H20) were synthesized from RCo(dmgH)2A and BF 3 according to the

known methods, 31 and recrystallized from acetone. Ali the complexes had

satisfactory elemental analysis, UV-vis spectra, 32 and IH-NMR.32 Inorganic

cobalt(II) macrocyclic complexes, Co(dmgH)2A 2, were prepared by a

literature method. 33 Nickel tetramethylcyclam, R,S,R,S-Ni(tmc) 2+ (tmc=

1,4,8,11-tetramethyl-l,4,8,11-tetraazacyclotetradecane), was prepared by a

known procedure. 34 Other reactants and solvents were obtained

commercially and often used without further purification.

Electrochemical Reduction. Voltammetrlc experiments were conducted at

room temperature in acetonitrile with 0.06 M Me4NBF 4 (Aldrich) as the

supporting electrolyte, lt was performed on a BAS-IO0 electrochemical

analysis system with a glassy-carbon working electrode, a platinum wire

auxiliary electrode, and a Ag/AgCI (3 M NaCI) reference electrode.

Controlled potential electrolysis of RCo(dmgBF2)2A for product analysis

was conducted in 0.06 M Me4NBF 4 of either dry acetonitrile or

acetonitrile-water solution and performed on a BAS CV-27 voltammograph

with a Hg-pool workin_ electrode, a platin,m plate a11xiliary e]ectrode,

and a Ag/AgCI (3 M NAC1) reference electrode. Electrochemical preparation

of Ni(fmc) + was achieved by controlled potential reduction of Ni(fmc) 2+ in

aqueous solution containing O.08M LiCIO 4 and O.02M NaOH. 35 Oxygen free

conditions were maintained by Ar atmosphere.

- l
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Product Analysis. The orgmn!c decomposition products were detected by

GC and GC-mass spectroscopic techniques. The GC detection was performed

on a Hewlett-Packard Model 5790 gas chromatograph with 6' columns packed

either with VZ-IO or OV-IOI as stationary phases. The instrument was

calibrated by use of commercial organic compounds. The GC-mass spectra of

the decomposition products of C3H7Co(dmgBF2) 2- were obtained on a Finnigan

4500 GC-mass spectrometer interfaced to the Incos data system. Cooling

with liquid N2 (for 1.5 min) was employed to separate the organic

molecules to be detected from gaseous impurities. A 30m DB 624 capillary

column was used for chromatographic separation before mass detection. In

addition, the different relative abundance of mass = 41 peak over mass =

42 peak could be taken advantage of to detect cyclopropane in the presence

of propene. For propene, abundance of mass = 41 > abundance of mass = 42;

for cyclopropane, the opposite is true. 36 Therefore the decomposition

products, propane, propene, and cyclic propane, can be detected

individually from reaction mixture by a GC-mass spectrometer. The

inorganic decomposition products were detected by their electronic

spectra, 37 and reduction potentials.

Spectroscopic Studies. The IH-NMR and 13C-NMR studies were conducted

in DMSO-d 6 solution at room temperatllre (_,N_cn]et-3OO MHz and Br_tker _M-

200 MHz nuclear magnetic resonance spectrometers. The ESR spectra were

collected on an IBM/Brucker ER-200 electron paramagnetic resonance

spectrometer at I00 K. The electronic spectra were obtained on a Cary-219

and a Perkin-Elmer Lambda Array UV-vis spectrometer.
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Kinetics. The kinetics of the reaction between RCo(dmgBF2)20H - and

Ni(fmc) + was studied at 25.0 ± 0.I °C in 0.7% acetone aqueous solution

with ionic strength of 0.I M controlled by NaCIO 4, and pH 12 controlled by

NaOH. The reaction process was monitored at k = 610 nm by a Durrum-Dionex

stopped-flow spectrometer. The same instrument was used for fast

repetitive scans of the electronic spectra. Ali the experiments were

conducted under an argon atmosphere owing to the sensitivity of Ni(fmc) +

and reduced cobalt species towards oxygen. Concentrations of reactants

were determined spectrophotometrically. 32'35
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RESULTS

Reduction Induced Decompositions. The cyclic voltammogram for the one

electron reduction of the trans aquaorganocobalt(III) macrocyclic

complexes, RCo(dmgBF2)2A, (R = CH3, C2H5, 1-C3H 7, 4-BrCsH4CH 2, C6H5CH 2,

4-CH3C6H4CH2; A = py, H20) exhibits one cathodic wave and two anodic waves

in the first scan and two cathodic waves and two anodic waves in the

following scans in the range 0 to -1.2 V (rs Ag/Ag_l_, yielding El/2 -0.5

V and El/2(1) ca. -1.O V, as shown in Figure V-la. A control experiment

under identical conditions but with CoII(dmgBF2)2(H20) 2 replacing

RCoIII(dmgBF2)2(H20) afforded a cyclic voltammogram containing only one

reduction wave and one oxidation wave, at El/2 -0.5 V, as shown in Figure

V-lb. A blank experiment under identical conditions but in the absence of

cobalt species showed no redox wave in this region.

Changing the trans group from H20 to py introduces no additional

feature except for a slight shift of the reduction wave (0.01 to 0.03 V)

towards more negative value. An increase of scan rate makes the oxidation

wave at ca. -1.O V better developed, but the overall voltammogram ras less

reversible.

The fate of the one electron reduction product RCo(dmgBF2) 2- 38 _#s

studied by ana]yzin_ its decomposition products. For R = CN3, on]y CH6

was detected after one electron [eduction. For R = C2H 5 and ]-C3H7, both

RH and R(-H) were detected. No R2 was found in any circumstances. In the

case of primary alkylcobalt complexes, the RH/R(-H) ratio increases with

the water content in the solvent, Table V-l. Reduction of RCo(dmgBF2)2A
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could also be accomplished chemically over Zn(Hg) (Bl/2 = -0.76 V39) and

with Ni(tmc) + (El/2 = -0.87 V35).

About I% cyclopropane was detected in the head gas on an aqueous

solution of l-C3H7Co(dmgBF2)2pY reduced by Zn(Hg). Propane and propene

constitute 99_ of the organic decomposition products.
l

The short-llved RCo(dmgBF2) 2- can be captured by quenching its

decomposition in liquid N2 immediately after its formation as signaled by

visible color change of the solution from bright yellow (parent

RC0III(dmgBF2)2 A) to dark green upon one electron reduction. The low

temperature (I00 K) ESR spectrum of this frozen dark green solution shows

an unprecedented d7 cobalt electron resonance pattern with gll = 2.23, gl =

2.07, Ali = 106.4 G, and AI = 56 G, as shown in Figure V-2. This ESR

spectrum disappears and replaced by that of CoII(dmgBF2)2(H20)237 if the

dark green solution is allowed to warm to room temperature and then cooled

to I00 K again. No room temperature ESR was observed.

Participation of the Equatorial Ligand. Reduction of

l-C3HTCo(dmgBF2)2py by excess NaBH 4 in DMSO-d 6 yielded a deep blue

solution. Both C3H 8 and C3H 6 were detected in the head gas with

C3H8/C3H 6 = 0.25. Reduction of CH3Co(dmgBF2)2py by excess NaBH 4 afforded

a similar deep blue solution with CH4 detected as the only gaseous

product. The deep blue solutions of reduced organocobalt complexes so

obtained (R = OH3, C3H 7, C6HsCH 2) are diamagnetic exhibiting no ESR signal

but well define IH-, and 13C-NMR spectra.

The lH-NMR spectrum in DMSO-d 6 of such a solution of CH3Co(dmgBF2)2py

/ NaBH 4 (excess) shows a set of four new resonance peaks at 1.90 ppm (3H,
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broad), 2.O1 ppm (3H), 2.04 ppm (3H), 2.10 ppm (1OH) as compared to the

lH-NMR spectrum of Co(dmgBF2)2(py) 2 reduced by excess NaBH 4 in DMSO-d 6 (a

singlet at 1.75 ppm), as depicted in Figure V-3a_ The borohydride

resonances centered at ca. -0.35 ppm as a quartet (from lIB-H) accompanied

by a set of seven peaks of much less total intensity (from 10B-H) as well

as the resonance of the pyridine hydrogen at lower field (ca. 7.50 ppm)

are well separated from the methyl hydrogen resonances and do not

interfere. Peaks at 2.04, 2.01, and 1.90 ppm are of comparable intensity

and were assigned to the methyl group of the reduction product. The peaks

at 2.10 and 1.75 ppm correspond to the one electron reduction products of

Co(dmgBF2)2(H20) 2 and Co(dmgBF2)2(py)2 in DMSO respectively. Variation of

magnetic field strength from 200 MHz to 300 MHz did not change the

chemical shifts of these peaks, indicating that they are independent

resonance p(aks rather than components of a multiplet.

The 13C-NMR spectrum of the CH3Co(dmgBF2)2py / NaBH4(excess) solution

exhibits a set of peaks at 10.9 ppm to 23.8 ppm, which are due to the

methyl and imine carbons, Figure V-3b. The resonances of pyridine carbons

centered at ca. 140 ppm do not interfere with those.

Kinetics of the Reduction of RCo(dmgBF2)2A by Ni(tmc) +. The reaction

between RCo(dmgBF2)2py and Ni(tmc) + generates the blue cobalt(I), as

shown by the repetitive scans of Fi_ire V.-4. Both ethane and ethylene

were detected in the head gas after the reaction between

C2H5Co(dmgBF2)2py and Ni(fmc) + was complete. The C2H 6 / C2H 4 ratio

decreases as the proportion of CH3CN as co-solvent increases. This ratio

also decreases as the Ni(tmc) + / C2H5Co(dmgBF2)2py ratio decreases. When

_4



110

R = primary alkyl, tllereactlon proceeds accordlng to a slmple mixed

second order rate law, eq V-l,

_B_.2_ _ = -d!RCoIII(dmgBF2)/9._]
dt dt

= ke,l[RC°(dmgBF2)2][Ni(fmc)+] (V-l)

The reaction rate constant, ke I, as defined by eq V-I and evaluated wlth9

excess Nl(tmc)+, Is Independent of acetone concentration (0% to 3.8%),

independent of pH (pH 11-12) and independent of [Ni(tmc)2+]. A kinetic

trace and a plot of kobs vs. [Ni(tmc)+] are shown in Figure V-5. The

ke,I values are listed in Table V-2.

When R = aralkyl, the reaction proceeds in two steps with a biphaslc

kinetic trace, implying accumulation of a reduction intermediate, Figure

V-6. The fast phase Is well separated from the slow one and both follow a

pseudo-first o_:der_ate law and both show a first order dependence on

[Nl(tmc)+], Figure V-7a,b The second order rate constants, ke I and ke 2• 9

were obtained by plotting k'obs and k"obs against [Ni(tmc)+]; here k'obs

and k"obs were obtained from traces of the fast and the slow phase

respectively.
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DISCUSSIONS

Reduction Induced Decompositions. Tile cyclic voltammagram of the

one electron redox process measured at room temperature shows a quasi-

reversible character, Ia < Ic (Fi_re V-la), indicating that follow-up

chemical reactions _,_stroy the electrochemically generated

RCo(dmgBF2)2-. 21 This EC mechanlsm Is illustrated by eq V_2i to V.._4.

RCo(dmgBF2)2A + e- -.>-.[RCo(dmgBF2)2A-] ' (V-2)

[RCo(dmgBF2)2A- ] + 2H20 --+-RH + Co(dmgBF2)2A(H20) + OH- (V-3)

[RCo(dmgBF2)2A- ] -->- R(-H) + Co(dmgBF2)2(H20)A- (V-4)

We believe that hydrolysis (eq V-3) and B-hydrogen elimination (eq V-4)

as opposed to the simple C-Co(II) bond homolysis 21 constitute of the

major pathways of the reduction induced decomposition of these

organocobalt complexes. This Is oacause the detected RH/R(-H) ratio

deviates significantly from unity and varies with water content of the

solvent. This is also because that no radical coupling product R2 is

detected in head gas.

Slow hydrolysis of a C-Co(iii) bond was observed before. 40-42

Detection of alkanes soon after one electron reduction of RCo(dmgBF2)2A

signals a more ready hydrolysis of a C-Co(II) bond in RCo(dmgBF2)2A-.

One could speculate that the alkyl group in RCo(dmgBF2) 2- possesses

higher electron density and hence renders the C-Co bond more subject to

hydrolysis. Theoratically_ since the homolysis can be viewed as an

intramolecular electron transfer from carban!on to cobalt, any factor
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that lowers the LUMO level on cobalt wlll increase the homolysls rate and

vlce versa. Thus it is easily understood why reduction promotes

heterolysls and oxidation promotes homolysis, lt is known experimentally

that oxidation of organocobalt(lll) complexes does accelerate homolysls

of the C-Co bond. 43,44 _

Rather unexpectedly, an oxidized organic compound, R(-H), Is formed

upon reduction of RCo(dmgBF2)2A. Since R(-H) is not formed from an alkyl

radical, the formation of R(-H) could only be realized by further

reduction of the cobalt macrocycle fragment. 8-H elimination is a

plausible pathway leading to R(-H) from RCo(dmgBF2)2-° lt seems quite

unlikely for cobalt center to serve as the hydrogen acceptor irl the _-B

elimination, since no adjacent coordination vacancy Is available. In

addition, no precedent of cobalt(II) hydride is known.
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: Participation of the Equatorial Ligand. We propose the following

scheme to accommodate our observations.

Scheme 1

CH2 . CH2

OH2- OH3 H3C OH3

%!/o ' 'C.=C H
H3 H3 . / \ /

_..N/_!;_N=O% / F F O-'N N-O" F\/B _/Co %/B
FN /O / ,_ /" "_ / \

B B F O--N N--O F

/ x._ / \F O.-,-N O F
- % _,// / x

C--C /? H3C CH3/ k H2 /: C
/ \

H3C CH3 X_ H3%C_2 ? H3H
c -I_c

_/ I \. -
' F F

\ /O--N% I/N,--O N /
B Co B

/ % ,," 'k / "\
F O--N N--O F

% //
C--C

H3C CH3

Scheme 1 suggests that the oxidation of the alkyl group to alkene is

accomplished by reduction of the equatorial ligand. The cobalt center

plays a role to mediate the intramolecular hydrogen atom transfer.

Partlcipatjon of conjugated macrocyc]_c ]_nd in the formation _nd

cleavage of C-Co(II) bond was proposed before,28-30,45 and observed iri

the decomposition of a CH3-Co(III) bond.46

The 7-H elimination product of C3H7Co(dmgBF2)2py-, c-C3H6, was also

detected (ca. I%) in the head gas. It seems likely that both _-H and y-.H

eliminations operate by the same mechanism, i.e., hydrogen transfer from
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the axial alkyl to the equatorial ligand. Steric factors favor 8-H

elimination over y-H elimination.

In the absence of 8- and y-hydrogens, migration of alkyl group to

the equatorial ligand is expected. The IH-NMR and 13C-NMR spectra of the

reduced product of CH3Co(dmgBF2)2PY (Figure V-3) suggest the formation of

a new complex of structure I.

HsC' _'H 3
\ /
C=C C'H3

.I \I
F O--N N-- O" F
\ ,i _ z _ /

B Co B

F .O--N N--O F

/ \
H3C CH3

Structure 1

In the IH-NM_ the broad 1.90 ppm broad peak is assigned to the resonance

of C'''H 3 protons and the 2.01 ppm and 2.04 ppm peaks are assigned to

C''H 3 and C'H 3 groups respectively. A penta-coordlnation geometry in

solution is assumed based on crystal structure of Co(dmgBF2)2py-. 47

It is interesting to question why is the unpaired electron not

directed to the C-Co antibonding orbital. If the latter happened, an

immediate homo!ysis of the C-Co bond and detection of radical self-

reaction products would be expected. This question is answered

experimentally by an ESR study of the reduction intermediate trapped at

liquid N2 temperature.

The one electron reduction product of RCo(dmgBF2)2A exhibits an

unique ESR spectrum (Figure V-2) with gil > gl which is clearly

,iII_lJ_l i, ,pu.,,_mlr,vil_,,,, iMqr,' " _I llr,l",pl 'II'' =,_qp' '' ', _I imlur,,__Im,:il,lllpp. q,II'I 1' l_qF'" I'' "IIt'_r'lJfllll'_''_'_IfR J ' Jl'J'_II........f_ _ .....ll_ilprll_ ,fll' .if , ", _
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distinguishable from d7 inorganic cobalt(II) complexes where gll is most

37,48-50
commonly found smaller than g_ .

According to eq V-5 and V-6, 51

gl; = ge {I + (4_J_)] (V-5)

g_ = gell-(4Ua')] (v-6)

where < is the spln-orbital coupling constant for a single electron and

it is always a positive value, < = Zeffe2<r-3>/(2m2c2). Whereas a and 6'

are the absolute values of the energy differences between the ground

state and the symmetry allowed lowest excited states. 51 Regardless of

the numerical details, the odd electron must reside in the dx2_y2 orbital

instead of in dz2 orbital in order to maintain the relationship of

g;1 > g_" In other words, the ESR spectrum demands an orbital energy order

of E(dz2) > E(dx2_y2). Qualitatively, a strong C-Co bond existing along

the z-axis in conjuncti,m with the upward displacement of cobalt from the

equatozial base plane could render the orbital energy of dz2 higher than

that of dx2_y2. This is because the overlap between dx2_y2 orbital of

cobalt and G-orbitals of nitrogens may decrease significantly and also

because the _-overlap between the dz2 orbital of cobalt and the p-

orbitals of the equatorial nitrogen atoms becomes no lonKer negligible

once cobalt atom moves above the basal plane as evidenced by a

significant N-Co bond shortening in CoI(dmgBF2)2-. 47

It is noticeable that the _il resonances are significantly broadened,

which is consistent with the notion that the unpaired electron in dx2_y2



116

interacts with the nuclear spin of the four nitrogen atoms of the

equatorial ligand.

The residence of the unpaired electron in dx2_y2 orbital rather than

in the C-Co antibonding orbital, dz2, explains why the homolysls of the

C-Co bond does not occur immediately after the reduction. It also

provides a hint as to hew the equatorial ligand is directed to

participate in the decomposition reactions, Scheme I. The electron

density could move from the dx2_y2 orbital of cobalt into the equatorial

ligand generating a transient nitrogen centered radical which in turn

functions as a radical acceptor to facilitate the cleavage of the C-Co

bond, and hence triggers the alkyl group transfer from cobalt to the

equatorial ligand or hydrogen atom migration from alkyl to the nitrogen

affording alkenes.

We summarize the reduction induced decomposition reactions of

RCo(dmgBF2)2A into Scheme 2.

Scheme 2

e-,k 3
H+'-RH'kH'I> CoLA > COLA-

S,ka,l
> Co(LR)S-

e-,ke, 1 -A,ki,e S,-R(-H),k8
RCoLA _ [RCoLA- ] > [RCoL- ] > Co(LH)S-

e-,ko _ H+,-RH

- _[RCoL 2- } ..........YCoLS-

ke 2 kH 2
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Kinetics. The reduction of primary alkyl cobalt(III) macrocyclic

complexes, RCo(dmgBF2)2 A, by Ni(tmc) + obeys monophasic pseudo--first order

rate law, eq V-I. The first order dependence on [Ni(tmc) +] in

conjunction with the lack of [Ni(tmc) 2+] effect (over 10-4 to 10-3 M) on

kob s values as well as pH independence between pH 11-12 ruled out the

possibilities for kH, I, ke, 2, ki, e or k_ steps to be rate limiting. Also

the reduction of Co(dmgBF2)2(pY) 2 to Co(dmgBF2)2py- proceeds very fast (>

106 M-l,s-l), therefore the rate determine step is the initial electron

transfer of eq V-7.

RCo(dmgBF2)2A + Ni(tmc)+ -->.RCo(dmgBF2)2A- + Ni(tmc) 2+ (V-7)

Reduction of aralkylcobalt(III) macrocyclic complexes,

ArCH2Co(dmgBF2)2A, by Ni(tmc) + proceeded in a biphasic fashion, signaling

an accumulation of reduction intermediate, ArCH2Co(dmgBF2)2-. The second

order rate constants deduced from the fast phase are close to those

obtained for alkylcobalt(III) analogues, and assigned to ke, 1 step. An

electron withdrawing substituent in the aralkyl group causes an increase

of the reduction rate whereas an electron donating substituent causes a

decrease in the reduction rate. We assign the second order rate constant

of the slow phase to ke 2 step for the fc,l]owing reasons. (I) The

pseudo-first-order rate constant, kob s, shows a first order dependence on

[Ni(tmc) +] and yet is independent of [Ni(tmc)2+]. (2) Optical absorbance

changes of the two phases add up to the total absorbance change expected

for a 100% conversion of aralkylcobalt(III) macrocycles to inorganic

=
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cobalt(I) macrocycles. (3) Biphaslc kinetic profiles were observed only

for aralkylcobalt complexes.

lt is interesting to note that the biphasic behavior is not observed

in the reduction of primary alkylcobalt(lll)macrocycles by Ni(tmc) +. In

another word, ke 2-kH 2 sequence of reaction does not contribute much

there. This phenomenon can be explained by the structural and electronic

difference between primary-alkylcobalt(lll) complexes and their aralkyl

analogues. The decomposition reactions probably operate much better in

tile alkyl series than in the aralkyl series. With much better electron

delocalization ability of aralkyl group, the _-carbon in tile

aralkylcobalt complexes should be much less carbanion in character as

compared to that of alkylcobalt analogues, hence much less subject to

hydrolysis (kH I)" This renders the relative importance of ki e pathway

higher in aralkylcobalt series over that in alkyl cobalt series. Yet.

the lack of _-hydrogen shuts off the k8 pathway. Therefore the reaction

is forced to proceed along ke 2 pathway. Obviously, the kH 2 step also

helps to pull the second electron transfer step ke 2 to completion.

Apparently there is no need for the reduction of alkylcobalt complexes by

Ni(tmc) + to proceed along the ke, 2 pathway. In the alkylcobalt series,

both hydrolysis (kH,l) and 6-hydrogen elimination (k_) operate in a

facile manner_ and thus no intermediate acmlmulatinn is observed.

Generally speaking, ke, 1 values for aralkylcobalt macrocyclic

complexes are higher than those for their alkyl analogues, consistent

with the differences among their first electron reduction potentials 21

and the notion that aralkyl groups stablize reduced cobalt better by

electron delocalization than alkyl groups do. The higher ke, 1 values of

_
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aralkylcobalt complexes are probably also partly responsible for the

observed accumulation of the reduction intermediate.
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CONCLUSIONS

Our observations about reductions and subsequent decompositions of

various RCoIII(dmgBF2)2An- are accommodated in Scheme 2. (I) The firmt

electron reduction of RCoIII(dmgBF2)2py generates a d7 cobalt species

with (t)6(dx2 y2) 1 electron configuration. The existence of a C-Co bond

in this d7 cobalt species is strongly suggested by the observed BSR

spectrum. (2) Two reactions may occur after the first electron

reduction. They are hydrolysis and intramolecular electron transfer.

The later reaction further branches into three follow-up reactions, _-H

elimination, alkyl group migration, and the second electron reduction.

The hydrolysis and B-H elimination produce alkanes and alkenes

respectively. (3) The relative importance of hydrolysis over _-H

elimination is influenced by water content of the solvent, and controlled

by the probability of the intramolecular electron transfer (from

cobalt(1) to a fk-orbital of the equatorial ligand) and by the

availability of _-hydrogen. (4) The first electron reduction by Ni(tmc) +

occurs at high speeds (6xi04-I06 M-ls-l), whereas the second electron

reduction proceeds more slowly (104 M-is-i). (5) The llfe times of the

first electron reduction products, as reflected by their kinetic

behaviors (monophasic vs. hipha_ic), are determined by both the electron

delocalization ability of the axial organic groups and the availability

of _-hydrogen.
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Table V-l. Distribution of the Decomposition Products, RH/R(-H) Formed

by Reduction of RCo(dmgBF2)2py in CH3CN/H20 Solutlons a ,

RH / R(-H)

Complex

0 _ H20 33 Z H20

CH3Co(dmgBF2)2py 1.0 / 0.0 1.0 / 0.0

C6H5CH2Co(dmgBF2)2py 1.0 / 0.0 1.0 / 0.0

C2H5Co(dmgBF2)2py 0.38 / 0.62 0.55 /0.45

l-C3H7Co(dmgBF2)2py 0.22 / 0.78 0.68 /0.32

aReduction was conducted at -i.0 V (vs. Ag/AgC1) with 0.06 M Me4NBF 4

as supporting electrolyte, at 25 °C. [RCo(dmgBF2)2py ] = 2.0 x 10-3 M.
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Table V-.2. Second Order Rate Constants for Reduetlons of RCo(dmgBF2)2 A

by Ni(tmc) + in Aqueous Solutlon a

Complex ke I / M-Is-i ke 2 / M-Is'l9

CH3Co(dmgBF2)2py 5,95 x 104

C2H5Co(dmgBF2)2py 1.28 x 105

l-C3H7Co(dmgBF2)2py 1.57 x 105

I-C3H7Co(dmgBF2)2OH- 1.14 x 105

4-CH3C6H4CH2Co(dmgBF2)2py 7.78 x 105 3.06 x 104

C6H5CH2Co(dmgBF2)2py 8.00 x 105 1,70 x 104

4-BrC6H4CH2Co(dmgBF2)2py 1.14 × 106 2.91 x 104

4-BrC6H5CH2Co(dmgBF2)2OH- 1.75 x 106 2.70 x 104
J

aAt 25 °C with [NaOH] = 0.02 M, ionic strength _ = 0.I0 M.

-=
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Figure V-I. Cyclic voltammograms at 25 °C in air-free 0.06 M Me4NBF4

CH3CN solutions of (a) 2.0 x 10-3 M I-C3H7Co3Co(dmgBF2)2H20,

scan rate 1.2 V/s; (b) 2.0 x 10-3 M Co(dmgBF2)2(H20)2, scan

rate 1.3 V/s
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FJ&rureV-2. ESR spectrum of a frozen solvation(IhN R) obtained after a

2.0 x 10-3 M solution of _-BrC6H_CH2Co(dmgBF2)2(H20) was

partly reduced electrochemically at -1.0 V in 0.O6 M Me4NBF4

irlacetonitrile, v = 9._582 GHz, CF = 3200 G, SV = 1400 G, PV

= 12 dB, Gain = I..25x 106 , Mod = 4.0 Gpp, ST = 500 s, TC =

2.0 z 103 ms
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Figure V-3. lH-NMR (a), and 13C-NMR (b) of 1.0 x 10-2 M CH3Co(dmgBF2)2pY

reduced by excess NaBH 4 in air-free DMSO-d 6 solution at 25

°C. Arrows in (b) show four kinds of different carbons

attached to nitrogens
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Figure V-4. Fast repetitive scans at 25 °C, following the reaction

between 1.7 x 10.-4M CH3Co(dmgBF2)2py and 4.1 x lO-4 M

Ni(tmc)+ in i:I CH3COCH3 / H20 air-free solution_ Ionic

strength _ = 0.06 M (LiCl04); pH = 12 (NaOH)
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Figure V-5. A plot showing the variation of the pseudo-first-order rate

constant kobs with concentration of Ni(tmc)+ at 25 °C for the

reaction between CH3CofHm_BF2)2py and Ni(tmc) + _n mn ai.r-free

aqueous solution of pH 12 (NaOH) and 0.10 H ionic strength

(LiCIO4). The inset shows a stopped-flow kinetic trace

monitored at 610 nm for a run with [Ni(tmc)+]av = 2.7 x I0-4

H and ICH3Co(dmgBF2)2py]0 = 3.7 x 10-5 M
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Figure V-6. A typical bi-exponential kinetic trace recorded at 25 °C in

an air-free aqueous solution of pH 12 (NaOH) and 0.I0 M ionic

strength (LiCIO&), shewln_ a t¶_o-step reamtio, process. The

reaction was monitored at 610 nm with

[4-BrC6H4CH2Co(dmEBF2)2(H20)] 0 = 2.5 x 10-5 M, and

[Ni(tmc)_]O = 2.64 x 10-4 M

=
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INTRODUCT.ION

It is well known that Vitamin BI2 (= cyanocobalamin) and its

derivative BI2 a (aquocobalamir_) can be reduced by one electron to BI2 r (=

cobalt(II)cobalamin) and by two electrons to Bl2s .I The crystal

structure of BI2 r was also determined recently. 2 Vitamin BI2 s exists in

solution as the cobalt(I) complex, although at higher acidities it is in

equilibrium with its conjugate acid, HCoIII(corrin), with pKa 1.3-5 The

BI2 model complexes CoI(dmgH)2py - and HcoIlI(dmgH)2py are also known;

here the acidity is lower (pKa 9)6-9 and the rate of acld-base

interconversion sufficiently low that the two forms undergo separate and

not always identical chemical reactions. 9-12

We have now succeeded in isolating single crystals of a closely

related model complex which is an example of a nonporphyrin cobalt(I)

macrocycle, and which lacks a carbonyl or phosphine ligand. The compound

studied is [(CH3)4N][Co(dmgBF2)2py]CH3CN. It contains the anion

Co(dmgBF2)2PY- (PY = C5H5N; (dmgBF2)2 2- =

bis[(difluoroboryl)dimethylglyoximato]), which was first prepared by

Schrauzer. 13 This is of interest not only because of the biological role

BI2, but also because, aside from species containing carbonyl, phosphine,

14-20 this is the first coba]t(I) macroevc]icor porphyrin ligands,

complex to be so characterized. Moreover, the structure is of interest

in its own right because of the considerable variations in distances,

angles, and displacements that are found in it, compared to those in the

cobalt(II) analogue. Cobalt(I) macrocycle complexes are often short

lived owing to high reactivity with protic solvents or to internal metal-
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ligand decompositions. The species examined here is moderately stable,

even more so than the cobaloxime parent, Co(dmgH)2py-. In general

cobalt(I) complexes are strong nuc]eophiles 2,12,13,21-24 and Bronsted (as

well as Lewis) bases. 6-9,24 Several catalytic reactions of cobalt(1)

macrocycles are known. 23-25
,.
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RESULTS AND DISCUSSION

The pentacobrdinated structure of the cobalt(1) monoanion

Co(dmgBF2)2py- is depicted in the ORTEP diagram given in Figure VI-I.

The structure is square pyramidal. The closest analogues are

cobalt(1) porphyrlns. 26'27 Most often cobalt(1) needs to be stabilized

by CO (or phosphine) coordination, 25-30 as in the trigonal bipyramidal

18e cobalt(1) compound Co(BIPh2)(CO)3(PPh3). 16

The structural refinement of Co(dmgBF2) 2- establishes that the imine

nitrogens, methylene carbons, and oxygens of the (dmgBF2)22- macrocycle

constitute a base planar (×2 = 4105) entity made rigid by the sp2 C=N

hybridization. The cobalt atom is displaced 0.257 A toward pyridine

above the macrocyclic plane. The aromatic plane of pyridine bisects the

equatorial plane through the two boron atoms; the two BF2 units are

displaced below the equatorial plane, away from the coordinated pyridine.

Crystallographic data are summarized in Tables VI-I and VI-2.

Selected bond lengths and angles are given in Tables VI-3, VI-4 And

VI-5. Table VI-5 also contains data for analogous compounds. The bond

distance between cobalt(I) to a nitrogen atom of the equatorial ligands

1.839(4) A is significantly shorter than other Co(1)-Neq single bonds

(ca. 2.1 A, Table VI-5). Moreover the dlstBnce is unmi_tal(ably shorter

than the average Co(ll)-Neq distance of 1.878(4) in the cobalt(II)

complex, Co(dmgBF2)2(CH3OH) 2. In fact, the Co(1)-Neq distance in the

anion is the shortest distance so far reported.

The short Co(1)-Neq bond distance relative to Co(ll)-Neq contradicts

what one might have presumed: a considerable bond lengthening should
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attend reduction of cobalt(II) to cobalt(I). The displacement of

cobalt(1) above the N4 equatorial plane is therefore not to be attributed

to the larger size of the low-valent cobalt ion. Correspondingly, to

accommodate the change of the Co-N bond distance, the O-N-C(methylene)

and N-C(methylene)-C(methylene) bond angles in the cobalt(I) anion are

smaller (av. 116.3(3) and iii.0(4) °, respectively) than those in the

cobalt(II) compound (av. 119.76(39) and 112.72(42) °, respectively). 3_

lt is interesting to note that the addition of one extra electron to

the dz2 orbital in the cobalt(II) complex is not only accompanied by a

reduction in coordination number but also by a decrease irl the Co-Neq

bond distances. Strengthening of an M-CO bond attending an increase of _

electron density at the metal center is well known, as it is often

reflected by the decrease of x_30.32 Similar shortening of the Co-Neq

bond in macrocycles is rare, the only example being the carbonyl

containing species [Co(CO)(CIoHI7N8)] 28 where _-backbonding to the

equatorial ligand was invoked to account for short Co-N bonds. Our data

clearly support a similar explanation, ge feel this is a particularly

clear example since no carbonyl group is involved and since the same

Co(dmgBF2) 2 unit has been structurally characterized in both cobalt(I)

and (II) oxidation states.

The diamagnetism of the low spin d8 Co(dm_BF2)2py- is consistent

with our finding that it has a normal lH nmr spectrum and no ESR signal.

The diamagnetism of similar cobalt(I)i rhodium(I), and iridium(I)

compounds is well documented. 33-36 There is no evidence of axial

hydrogen coordination from the difference Fourier map and refinement.

The electron configuration at cobalt should be (dxz)2(dyz)2(dxy)2(dz) 2
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because of the short col-Neq bonds, the absence of a sixth axial ligand,

and the diamagnetism of the complex.

The axial displacement of cobalt may significantly decrease the

repulsion between the electron lone pairs of nitrogen atoms in (dmgBF2) 2

ligand and the filled dz2 orbital of the cobalt as the upward

displacement of the cobalt from the basal plane results in the nitrogen

lone pairs approaching the nodal plane of the dz2 orbital of cobalt. This

diminishing antlbondlng repulsion may contribute to the shortening of the

CoI-Neq bonds.

It is also very important to note that the axial displacement of

cobalt in Co(dmgBF2)2py- removes the symmetry forbiddeness of the overlap

* 37 which isof the cobalt dz2 orbital with the _I orbital of (dmgBF2) 2

otherwise present irt the cobalt(II) complex. This allows charge transfer

(backbonding) to occur in the sense Co(dz2) * (dmgBF2)2(_l*). The doubly

populated dz2 orbital in the cobalt(I) form not only increases the

electron density available for back donation but also increases the

energy of the dz2 orbital making back bonding more energetically

favorable.

An extreme of such back donation is an intramolecular electron

transfer resulting [collI(dmgBF2)24-py] - or [colII(dmgBF2)22-py2-] -. But

we do not believe the assignment of Co(IIY) oxidation state to

[Co(dmgBF2)2]- to be appropriate. This is because: (1)The deep blue

color of [Co(dmgBF2)2]- is known to be associated with Co(1) oxidation

state_ Relavent inorganic Co(lll) macrocyclic complexes are known to be

yellow (e.g., CICo(dmgBF2)2P(C4H9) 3) or brown (e.g., CiCo(dmgBF2)2py). 38

(2)Ali the known inorganic Co(III) complexes of bis(dimethylglyoximato)
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and bis[(difluoroboryl)dimethylglyoximato] are hexacoordinated tc satisfy

the 18e rule. 38-41 No precedent is found in these groups of Co(III)

complexes where cobalt is only pentacoordinated.

Displacement of cobalt above the N4 equatorial plane seems necessary

to make such a short CoI-Neq bond. Such a displacement is also noticed

28 where a short Co-N bond was observed On thein Co(CO)(CIoHI7N8),

other hand, consider the case of CoI(HDP) (HDP =

2,2,3,3,7,7,8,8,12,12,13,13,17,17,18,18-hexadecamethyl-lO,20-diaza-

octahydroporphinato) 27 where such a displacement is absent and cobalt is

coplanar with the four nitrogen atoms of the equatorial ligand. Even

though the ligand contains a more highly conjugated _-system (and is

therefore a better electron acceptor) the CoI-N bond Is still relatively

long, I..91A. 27 This comparison suggests that the metal donor orbital

needs to be displaced from the coordination plane in order to function,

recommending the notion of the cobalt dz2 orbital being the electron

donating orbital.

As shown in Table VI-5, the bond distances between imine nitrogens

and adjacent carbons, and those between the pair of adjacent methylene

carbons change with oxidation state, such that: N-C(Co I) > N-C(Co II) and

C-C(Co I) < C-C(CoII). This bond length alternation is indicative of

increased electron density in the ,*(LUMO) orbital of (dmgBF2) 2,

apparently as a result of the Co(d 2) _ (dmgBF2)2(_l*) backbonding.
Z

Obviously the bond length change within the equatorial ligand cannot be

attributed to axial coordination. Moreover the bond parameters of the

axial pyridine are normal. 42 The BF2 units certainly serve to stabilize
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the cobalt(I) oxidation state via an inductive effect, but no unambiguous

comparison can be made based on the structural data.

,11 IiHq,#
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EXPERIMENTAL SECTION

Crystal Growth. The formation of the macrocyclic monoanion

Co(dmgBF2)2py- is recognized by the intense blue coloration 6_,44

that develops. It can be generated either by controlled potential

reduction of its parent neutral compound Co(dmgBF2)2(H20) 2 in

acetonitrile in the presence of one equivalent of pyridine at -0.44 V (va

NI{E) or by decomposition of alkyl-Co(dmgBF2)2py 2- in acetonitri].e.

Formation of n-C3H7Co(dmgBF2)2py 2- can be achieved by controlled

potential electrolysis of n-C3H7Co(dmgBF2)2py at -I.90 V (va NHE) in 0.06

M (CH3)4NBF 4 acetonitrile solution. An air-free electrocell with a

mercury pool working electrode, a platinum plate auxiliary electrode, and

an Ag/AgCl reference electrode was used to conduct the electrolysis.

Owing to much the higher solubility of n-C3H7Co(dmgBF2)2py over

Co(dmgBF2)2(H20) 2 in acetonitrile, the second method was adopted to

obtain a crystal for this study. A three layer solution system in a test

tube was employed for the crystal to grow. Diethyl ether was allowed to

diffuse slowly from the top layer through a C5H12 middle layer into the

bottom layer of the dark blue acetonitrile solution containing the title

compound, all at 0 °C. The middle layer, which is immiscible with the

blue acetonitrile solution on the bottom, f,mrtions as a spacer to _low

the diffusion of diethyl ether into the acetonitrile solution and ensure

the quality of crystals for the diffraction study. Anaerobic conditions

are required owing to the extreme sensitivity of Co(dmgBF2)2py- solution

toward oxygen. The A_eP blue crystal of [(CH3)4NI[Co(dmgBF2)2py].CH3CN

is less air sensitive.
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X-Ray Data Collection. A dark blue crystal of the title compound

was taken from a nitrogen-filled test tube and attached to the tip of a

glass fiber. The crystal was then moved into the cold stream of the low-

temperature device on the diffractometer, and slowly cooled to -75 °C.

The cell constants were determined from a list of reflections found by an

automated search routine. Pertinent data collection and reduction

information are given in Table VI-I.

A total of 4741 reflections were collected in the ±h, k, il

hemisphere. Lorentz and polarization corrections were applied. An

absorption correction based on a series of psi-scans was applied, and

equivalent reflections were averaged.

Determination and Refinement of the Structure. The choice of the

centrl¢ triclinic group was indicated initially by intensity statistics,

and later confirmed by the successful refinement of the structure, the

positions of ali of the non-hydrogen atoms of the complex and the

associated counter ion were found by an automatic Patterson

interpretation method. 45 One molecule of acetonitrile was later located

in a difference Fourier map. In the final stages of refinement, the non-

hydrogen atoms were refined with anisotropic temperature factors, and

hydrogen atoms were added in idealized positions. A common isotropic

temperature factor was refined for each of these _rnuT)s of hydrogen

atoms: one for the methyl hydrogens of the complex, one for the

pyridinyl hydrogens, and one for the methyl hydrogen atoms on the

[(CH3)4N]+ and CH3CN moieties.

X--ray data collection and structure solution were carried out at the

i

Iowa State Molecular Structure Laboratory. Refinement calculations were
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performed on a Digital Equipment Corp. Micro VAX-II computer using the

46
SHELX.-76 programs.



145

Table VI-l. Crystallographic Data for [(CH3)4NI [Co(dmgBF2)2PY] 'CH3CN.

Forms.lr , CIsH=oB_NeO4F4Co • CH3CN

Formals weight 579.02

Sp,ce Group PT

&,_ 12.492(4)

b,X n.m(3)
c,A s.g,6(3)
a, des gg.s_(2)

_,des lo9,_5(2)
_, de++ Io3.n(:)

v,,, :2s0.9(7)
z 2

d,..t+, S/cre3 :_.SO1

C:y,tLt+ise+mm 0.4 x 0.3 x 0.2

.(MoKo),cm'* 7.33!

Datscollectio:: instrument Ea:_-No_u_ CA.D4

_iation (monochrom.tcd
i,,cidcm beLm) MoKo(A = 0.71073_)

Orie,_t_tio,, reflections,
number,:Lage (20) lg, lt_,.2< _0 < _4.T

Tempe:ature, 'C. -75(1)

$c_ method _.sc_

Dat, col. zLngt, 20, deg 4.0-S0.0

No. dat_ cotleezcd: 4741
No. unique d,ta. total: 4513

with r._> 3_(F._): :L341

_,'umber of parameters :e_ned 337

R" 0.045

R, o.o6_
Qus/ity.of-fitiacScator 1.01

L,_gest sltift/esd, finMcycle <0.01

La:Eest peak, ¢/A _ 0.62(8)

"a = _IIFoI- IF,IIIZIFoI '.% = [_.w(IF.t- IF,l)++l_.,_tFot=]_/=;m=1/++(iF.i)



146

Table VI-2. Positional Parameters of [(CH3)4N][Co(dmgBF2)2PY]'CH3cN

,_om , x y z B(A')

Co(I) 0.21545(4) 0.27016(4) 0.00770(6) 1.61(I)

r(;) 0.0133(2) 0.1333(2)-0.3952(3) 3.04(7)

F(2) -0.0705(2)0.2693(2)-0.4501(3)3.70(8)

r(3) 0.371_(2) 0.0810(2)0.1245(3) 2.80(6)

F(4) 0._863(2) 0.1802(2) 0.3886(3) 3.06(7)

0(I) 0.1290(2) 0.3214(2)-0.3003(3)2._I(7)

0(2) -0.0258(2) 0.2426(2) -0.1963(3) 2.29(7)

0(3) 0.2955(2) 0.1829(2)0.2852(3) 2.30(7)

O(4) 0.4527(2) 0.2749(2) 0.1923(3) 2,31(7)

N(1) 0.0515(3) 0,2176(2) -0.0673(&) 1.78(8)

N(2) 0.2002(3) 001897(3) 0.155_(&) 1.85(8)

N(3) 0.3732(3) 0.2853(2) 0.0492(_) 1,95(8)

N(4) 0.2232(3) 0.3081(3) -0.1772(&) 2.01(8)

N(5) 0.2_07(3) 0.&225(3) 0.I_07(_) 2.0&(9)

C(1) 0.0036(3) 0,1653(3) 0.0208(5) 2.0(1)

C(2) 0,0939(3) 0.1493(3) 0.1560(_) 2.0(I)

C(3) 0.4198(_) 0,3299(3) -0.0_78(5) 2.2(I)

C(4) 0.3286(&) 0.3424(3) -0.18_3(5) 2.2(I)

C(5) -0.1269(&) 0._254(&) -0.0178(5) 3.1(I)

C(6) 0.0686(4) 0.0932(4) 0.2772(6) 3.5(I)

C(7) 0.5496(4) 0.3617(_) -0.0176(6) 3.1(I)
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Table VI-2. (continued)

Atom x Y z B(A _ )

C(8) 0.3494(4) 0.3843(4) -0.3207(5) 3.4( 1 )

C(11) 0.1794(4) 0.4875(3) 0.0770(5) 2.8(1)

C(12) 0.1921(4) 0.5909(4) 0.1644(6) 3.7(1)

C(13) 0.2732(5) 0.6304(4) 0.3261(6) 3.7(1)

C(14) 0.3386(4) 0.5654(4) 0.3915(5) 3.3(1)

C(15) 0.3200(4) 0.4621(3) 0.2966(5) 2.6(I)

_(I) 0.0136(4) 0.2400(4) -0.3348(5) 2.4(1)

B(2) 0.3993(4) 0.1795(4) 0.2435(5) 2.2(I)

N(6) 0,3308(3) -0.0035(3) -0.3228(4) 2,34(9)

C(21) 0.2385(4) 0.0515(4) -0.3199(6) 3,3(I)

C(22) 0.3144(4) -0,1002(4) -0.2514(5) 3.0(I)

C(23) 0.4528(4) 0.0766(4) -0.2291(6) 3.5(I)

C(24) 0.3165(4) -0.0436(4) -0.4972(5) 3.0(I)

N(7) 0.8121(6) 0.3497(6) 0.2190(9) 9.0(3)

C(31) 0.9116(6) 0.3825(6) 0.2816(8) 5,8(2)

C(32) 1.0392(6) 0.4204(6) 0.3562(9) 6.7(2)

Anlsotroplcally refined atoms are given in the form of zhe

Isotropic equivalent displacement parameter defined as:

(4/3) * [aI*B(1,1) * ba*B(2,2) * cz*B(3'3) * ab(cos gamma)*B(1,2)

. ac(cos be_a)*B(1,3) * bc(cos alpha)*B(2_3)]



Table Vl-3, Bond Distances (d/10"I0 m) and their Standard Deviations of

[(CH3)4N] [Co(dmgBF2)2PY] 'CH3CN,

Atom 1 Atom 2 Distance Atom 1 Atom 2 Dtstsnce
NSQNmM mmmJBJ g_BSIlWl

imegBs 8ssuam BtnmgmBt

Co(1) N(1) 1.842(3) N(4) C(4) 1.312(63

Co(I) N(2) 1.844(4) N(5) C(11) 1,337(6)

Co(I) N(3) 1.836(3) N(5) C(15) 1.3_9(4)

Co(1) N(4) 1.834(4) C(I) C(2) 1,443(53

co(I) N(53 2.019(33 c(I) c(53 1.48B(63

r(1) _(I) 1.393(63 c(23 c(63 1.479(73

F(23 s(1) 1.)es(e) c(33 c(4) 1.436(s)

F(33 _(23 1.407(53 c(33 c(7) i._94(63

F(43 B(23 1.395(5) C(_) C(83 1.491(73

O(I) N(43 1.392(4) C(11) C(12) 1.375(63

0(1) B(1) 1.46B(5) C(12) C(133 1.394(6)

o(2) N(1) 1.3B_(_) C(133 C(I_) 1.373(73

0(2) B(I) 1.481(6) C(14) C(153 1.380(6)

0(3) N(23 1.398(43 N(6) C(213 1.495(73

0(5) B(2) 1.472(6) N(6) C(22) 1.495(6)

0(4) N(3) 1.392(43 N(6) C(23) 1.490(5)

O(4) B(2) I.&72(6) N(6) C(243 1.506(6)

N(1) C(I) 1.317(6) N(7) C(31) 1.12(I)

N(23 C(23 1.309(53 C(313 C(32) 1.43(I)

N(33 C(33 1.330(63

Numbers in parentheses are estimated standard deviations in

the least significant digits.



149

Table VI-4. Bond Angles (degrees) and their Standard Deviations of

[(CH3)4N][Co(dmgBF2)2PY]'CH3CN

Ato= ! Atom 2 Atoe 3 Angle A_om 1 A_>m 2 Atom 3 A_g!¢
tSMmBU IISUmg r OgUmNU MMgMt MImIMm BalBOa Mmiag_ agBMg

N(1) co(I) N(2) 80.7(I) 0(I) _(4) ccd) 115.8(3)

N(1) co(I) s(3) _64._(I) co(I) N(5) c(11) 121.1(2)

_(I) co(1) N(4) 96.6(I) Co(t) N(5) C(_5) 121.1(3)

S(1) Co(I) NCS) 9B._(I) C(11) N(5) C(15) %_7.B(3)

N(2) Co(I) N(3) 96.9(2) N(1) ¢(I) C(2) 111.1(_)

N(2) Co(I) N(4) 162.4(I) N(1) C(I) C(5) 124.1(4)

NC2) co(I) N(5) 99.7(I) c(2) ccl) c(5) 12_.7(_)

N(3) Co(I) N(4) 81.0(2) N(2) C(2) C(1) 111.0(4)

N_3) Co(l) N(5) 97.0(I) N(2) C(2) C(6) 124.9(4)

N(4) Co(I) N(5) 97,9(I) C(1) C(2) C(6) 124.2(4)

N(4) 0(I) B(1) 113.0(3) N(3) c(3) c(4) 110.9(4)

N(1) 0(2) B(1) 111.9(3) N(3) C(3) C(7) 124.1(4)

N(2) 0(3) B(2) 112.8(3) c(4) c(3) c(7) 125.1(4)

N(3) 0(4) B(2) 111.9(2) N(4) C(_) C(3) 111.2(4)

Co(1) N(1) 0(2) 124.7(3) N(4) C(4) C(8) 124.1(4)

Co(I) N(1) C(I) 118.0(2) C(3) C(4) C(8) 124.7(4)

0(2) N(1) C(I) 116.5(3) N(5) C(11) C(12) 122.9(4)

Co(1) N(2) 0(3) 124.9(2) C(11) C(12) C(13) 118.8(5)

co(1) N(2) C(2) 118.3(3) C(12) C(13) C(14) 118.7(4)

0(_) _(2) C(2) 116.0(3) C(13) C(14) C(15) I19.1(4)

Co(I) N(3) 0(4) 124.2(3) N(5) C(15) C(14) 122.6(4)

Co(1) N(3) C(3) 117.5(3) F(1) S(1) F(2) 110.7(3)
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Table _-4. (continued)

Atom I Atom 2 A_om3 Angle Atom I A_om 2 Atom 3 Angle
_mm_m_ llSgB_ a_mma iRiam Bmmm_m BBm_mW t_Uwlm N_NSU

0(4) N(3) C(3) 117.O(3) F(1) B(1) O(I) 110.7(_)

Co(I) N(4) 0(I) 125.1(3) F(1) B(1) 0(2) I09.5(_)

Co(X) N(4) C(4) 118.2(3) F(2) B(1) 0(I) 105.6(4)

F(2) B(:) 0(2) 104.7(4) C(21) N(6) C(22) I09.9(4)

O(l) _(l) 0(2) 115.4(3) C(21) N(6) C(23) 110.3(3)

F(3) _(2) r(4) :o9.5(4) c(21) N(6) c(24) _OB.B(3)

F(3) B(2) 0(3) 110.4(3) C(22) N(6) C(23) 109.9(3)

F(3) B(2) 0(4) I09.6(_) c(22) N(6) c(24) _09.2(3)

F(4) B(2) 0(3) 104.5(4) C(23) N(6) C(24) IOB.8(4)

F(4) B(2) 0(4) 106.0(3) N(7) C(31) C(32) 177.5(9)

0(3) B(2) O(4) 116.5(4)

Numbers in parenzheses &re estimated s%andard deviz_ions in

zhe least sIEniflcanC digits.
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Figure VI-l. An ORTEP view of the monoanion, Col(dmgBF2)2py-
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GENERAL SUMMARY

In Part I, kinetics studies were done of the homolytic and

heterolytlc cleavage reactions of the chromium-carbon bonds in the

complexes RCr(L)A n+ (where L = [15]aneN 4 =

1,4,8,12.-tetraazacyclopentadecane; A = H20, and OH"). Activation

parameters (_I+/kJ mol -I, _S+/J mol -I K-I) for homolysls of RCrL(H20)2+

are: III ± 2, 54 ± 6 (R = p-CH3C6H4CH2); 103 ± 2, 28 ± 5 (C6HsCH2); I01

± 3, 22 ± 9 (p-BrC6H4CH2); and ii0 ± 3, 62 ± 6 (R = I-C3H7). The a/4+ and

_S+ parameters are considerably smaller than those for homolysis of

(H20)sCrR 2+ analogues. Primary alkyl macrocyclic complexes do not

undergo homolysis. The complexes RCrL(OH) + slowly hydrolyze for R = n-Pr

and i-Pr, whereas those for which R = ArCH 2 do not. The activation

parameters for heterolysis are 78 ± I, -53 ± 2 (R = i-C3H7) and 83 ± 3,

-46 ± 9 (n-Pr). This pathway shows no solvent deuterium isotope effect.

The complexes RCrL(H20) 2+ are not subject to acidolysis by H3 O+ or H20,

unlike their (H20)5CrR 2_ analogues.

In Part II, the kinetic studies on the reaction of

[RCr([15]aneN4)(H20)]2+ hereafter RCrL(H20)2+ (R = CH3, C2H5, I-C3H7,

I-C4H 9, 4-BrC6H4CH 2) macrocycles with iodine show that the reactivity

changes as a function of the nature of the organic group bound to

chromium(III). In the ca_e of primary a].kylchromium(lll) macrocycles,

the reaction proceeds strictly by bimolecular electrophilic substitution.

The specific rates are 4.7 x 103 M-I s-I (R = CH3), 81 (C2H5), 12

(I-C3H7), 8.9 (I-C4H9), and 9.5 (4-BrC6H4CH2). Irl the case of aralkyl-

==

z
_
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and secondary a].kylchromium(III) macrocycles, however, boti_ the normal

electrophilic substitution and an oxidatively-induced chain reaction

mechanism are operative. Details of the chain reaction for R = BrC6H4CH 2

are reported. The rate constant for the formation of

4-BrC6H4CH2CrL(H20) 2+ from CrL(H20)2+ and 4-BrC6H4CH2Br was also

determined, lc = 3.7 x 104 M-I s-I. The crystal and molecular structure

of [4-BrC6H4CH2CrL(H20)]2+(CIO4)2 "THF was determined. The molecule

crystallizes in the space group P21/c. Cell parameters are a = 11.683(3)

A, b = 8.816(3) A, c = 29.959(8) A, 8 = 96.29(II) °. The chromium is

octahedrally coordinated by four N atoms of the macrocyclic ligand at the

equatorial positions and by the 4-BrC6H4CH2 and a water molecule at the

axial positions.

Part III concerns the oxidation of organochromium(lll) complexes by

dihalide and pseudo-dihalide radical anions generated by pulse

radiolysis.

Pulse radiolysis e-(aq.) + N20 + H20 --> HO" + HO- + N2

Conversion HO" + 2X- ---_ HO- + X2-

Reaction X2- + RCrL(H20) 2+ ----> 2X- + RCrL(H20)3+

Results suggest an ion pairing process prior to the electron transfer

step. The reactivity trend is discussed on the basis of the oxidation of

a series of organochromium complexes by three radical anions.
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In Part IV the complex SSRS-

[4-BrC6H4CH2Cr(l,4,8_12-tetrazacyclopentadecane)(H20)]2+ , abbreviated

[RCrL(H20)2+], is oxidized to [RCrL(H20)3+], a species which then rapidly

homolyzes. Rate constants were determined in aqueous solution at 25.0 °C

for oxidation by ABTS'-, Fe(H20)63+, and IRC162-; values are (1.55 ±

0.ii) x 102 , 3.09 ± 0.28, and (1.29 ± 0.II) x 104 L mol -I s-I. From

these data the following estimates were made for the couple

RCrL(H20)3+/2+: E° = 0_76 ± 0.13 V, 5 x 10-2 < kSE R < 7 x 102 L mol -I s-

l. Oxidations of a series of RCrL(H20) 2+ complexes by IRC162- were

examined, with rate constants between 2.20 x I0-I L mol -I s-I (R = CH3)

and 4.60 x 105 (R = 4-CH3C6H4CH2)o Rate constants for the aralkyl series

fit a Hammett correlation with _ = -4.3. A lower limit was set on the

rate constant for homolysis of 4-BrC6H4CH2CrL(H20)3+ of k > 60 s-I.

In Part V, the study is extended to organocobalt complexes with

attention turned to reduction induced cleavages of a transition metal-

carbon bond. A series of organocobalt complexes were synthesized by a

nucleophilic substitution, CoIL '."+ RX ----> RCoIIIL ' + X-.

Electrochemical methods in conjunction with ESR, NMR, and GC-MASS are

used to reveal evidence of novel reactions ----reduction induced hydrogen

atom transfer from the cobalt bound alkyl group to the equatorial l_gand,

L', and reduction induced alkyl group migration from cobalt to the

equatorial ligand.

LE_

=
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RCoL' + e- --> RCoL'- --J> R(-H) + Co(HL' )-

U .> Co(RL')-

In Part VI, the following compound, [(CH3)4N][Co(dmgBFz)2PY], where

py = CsHsN and (dmgBF2)22- = bis[(difluoroboryl)dimethylglyoximato], was

crystallized, and its molecular structure determined by X-ray

diffraction. The distances between Co(I) and the nitrogen of the

macrocycle are unusually short (1.839 A), even shorter than the

corresponding bond (1.878 A) in the cobalt(II) analogue. The cobalt atom

is displaced 0.257 A above the axial plane toward pyridine. Reasons of

this unusual Co-N bond shortening is discussed along with the electronic

structure of the d8 cobalt(I) anion.
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