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such as the Heck reaction or carbonylation to proceed
smoothlyé—8 Moreover, Carpentier and co-workers demonstrated
that the activating effect of Mn(C@), which is a more powerful
electron-withdrawing group, is at least comparable to that of
Cr(CO) toward Pd insertion? Therefore, it is interesting to
see if Cr(CO} or Mn(COX%™ has any significant effect on the
homocleavage of the aryl<Cl bond or on the bond dissociation
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Smly / HMPA
c— >R THF/'BuOH -
| |
Cr(CO), rt,4h Cr(CO)3
92-96%

Relative reactivities toward Sml,/HMPA at 0 °C:
Phl : PhCI-Cr(CO)3 : PhBr: PhCl=50:1:0.3 : <0.001

The coordination of Cr(CQ})o chlorobenzenes significantly
reduces the €CI bond dissociation energy. Treatment of
chloroarene-Cr(CO) complexes with SmIHMPA at room
temperature led to complete dechlorination. Reaction of
o-allyloxychlorobenzene Cr(CO) complexes with Smlat

room temperature resulted in the corresponding dechlorina-

tive cyclization products in good to excellent yields. Com-
petition experiments indicated the following relative reac-
tivities of dehalogenation by SmIPhl/PhCHCr(CO)/PhBr/

PhCI=50:1:0.3<0.001. On the other hand, the coordination
of Mn(CO)* to chlorobenzene showed a much smaller
activation effect. Density functional theory calculations

et al. reported the first examples of the Cr(G®dund aryl
radicals generated from the interaction of an iodoarebe
(CO); complex with Smj at room temperature (rt) or from the
treatment of a bromoarenr€r(CO) complex with BySnH/
AIBN at 80 °C? On the other hand, the corresponding
chloroarene-Cr(CO) complex failed to react with B$nH/
AIBN at 80 °C 8 which seems to imply that the coordination of
Cr(CO) does not impose a significant activating effect on the
homocleavage of the aryl-&Cl bond. We report here that the
complexation of Cr(CQ)on a chloroarene ring indeed signifi-
cantly reduces the-€Cl BDE and the effect of Cr(CQ)s much
greater than that of Mn(C@. Density functional calculations
at B3LYP/BSII level reveal that the spin delocalization effect
of the metal center plays an important role in the activation.
During our recent investigation of aromatic radical substitu-
tion reactions of chloroarereCr(CO) complexes with Sml
and a carbonyl compound, we observed that dechlorination
occurred as a side reaction even at a very low reaction
temperature €40 °C)4 This observation was surprising
compared to Kundig’s results and prompted us to look into the

(2) For reviews, see: (a) Semmelhack, M. FComprehensie Organic
SynthesisTrost, B. M., Fleming, I., Eds.; Pergamon: New York, 1991;
Vol. 4, p 517. (b) Semmelhack, M. F. l@omprehensie Organometallic
Chemistry 1| Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds,;
Pergamon: New York, 1995; Vol. 12, p 979. (c) Pape, A. R.; Kaliappan,
K. P.; Kindig, E. P.Chem. Re. 200Q 100, 2917. (d) Rose-Munch, F.;
Rose, EEur. J. Inorg. Chem2002 1269. (e) Rose-Munch, F.; Rose, E. In
Modern Arene ChemistrAstruc, D., Ed.; Wiley-VCH: Weinheim, 2002;

p 368.

(3) (@) Schmalz, H.-G.; Siegel, S.; Bats, J. Ahgew. Chem., Int. Ed.
Engl. 1995 34, 2383. (b) Schmalz, H.-G.; Siegel, S.; Schwarz, A.
Tetrahedron Lett1996 37, 2947. (c) Hoffmann, O.; Schmalz, H.-Synlett
1998 1426. (d) Schwarz, O.; Brun, R.; Bats, J. W.; Schmalz, H.-G.
Tetrahedron Lett2002 43, 1009. (e) Schmalz, H.-G.; Kiehl, O.; Gotov,

revealed that the spin delocalization effect of the metal centers. synlett2002 1253.

plays an important role in the-6CI bond activation.

Aromatic halides are important materials in synthetic organic

(4) (a) Lin, H.; Zhang, H.; Yang, L.; Li, COrg. Lett.2002 4, 823. (b)
Lin, H.; Yang, L.; Li, C.Organometallic002 21, 3848. (c) Lin, H.; Yang,
L.; Li, C. Chin. J. Chem2003 21, 797. (d) Cao, L.; Shen, M.; Li, C.
Organometallic2005 24, 5983.

(5) Merlic, C. A.; Miller, M. M.; Hietbrink, B. N.; Houk, K. N.J. Am.

chemistry. Chloroarenes are among the most attractive aryl Chem. Soc2001, 123 4904.

halides for synthetic purposes on an industrial scale. However
the high stability of the aromatic -©Cl bond makes aryl
chlorides inert in many casés.

It is well documented that the complexation of a Cr(g0)
Mn(CO)* moiety on an arene ring significantly reduces the
electron density of the arene ring and facilitates nucleoghilic
and radical~> additions. The coordination of Cr(C©yr Mn-
(CO)t also activates aryl €CI bonds toward oxidative addition
to Pd complexes, allowing a number of subsequent reactions
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syn-4a

FIGURE 1. ORTEP Drawings of Compounds/n-4a and syn4d.

reactions in detail. Thus, treatment of chloroare@g(CO) of the aryl C-Cl bonds. To understand further the extent of
complexesla—e with SmL/HMPA at rt for 4 h resulted in the the activation effect, we measured the relative activitie$af
complete dechlorination df, and the corresponding products and halobenzenes in dehalogenation reactions with/SMPA
2a—e were isolated in almost quantitative yield (eq 1). On the at 0°C by competition experiments (monitored by HPLC). The
contrary, no dechlorination was observed under the aboveresults (the average of two runs) were as follows: PdiFhBr/
experimental conditions with the uncomplexed chloroarenes. PhCl= 50:1:0.3<0.001. These results revealed that the@
bond in 1la is even more reactive than the—®r bond in

Sml / HMPA bromobenzene in reactions with SiMCompetition experiments
C|@R THF / 'BuOH @—R ) among la—d on their relative dechlorination rates at°C
&rico) rt,4h (I:r(cm showed that these rates were roughly at the same level.
3 3 In light of the above results, we were motivated to find if
1a-e 2a-e Mn(CO)s* shared similar behaviors. Therefore, we testgd (
aR = H (96%); b R = Me (96%); ¢ R = OMe (92%) PhCl)Mn(CO}*PRs~ (5) under the same experimental condi-
dR=CF3(92%); e R = F (94%) tions as in eq 1.7>-CsHeCl)MN(CO); (6) was isolated in 24%
yield as the reduction produttwhile PhCl was recovered in
We then prepared-allyloxychlorobenzeneCr(CO) com- 67% yield, indicating little if any dechlorination produof®

plexes3ab and o-allylaminochlorobenzeneCr(CO) deriva-  CiHgMn(CO)s*™ could be detected (see the Supporting Informa
tives3¢,d'? and subjected them to the same treatment describedtjon). Moreover, competition experiments betwéeand1a at
above. The corresponding dechlorinative cyclization products g °C showed that the major product w2a along with a small
4a—d were obtained in good to excellent yields (eqs 2 and 3), amount of6, indicating a much more powerful activation effect
indicating the radical nature of the dechlorination step. The of Cr(CO); over Mn(CO}*. This is in sharp contrast to the
stereochemistry of was based on the X-ray crystal structures yg|ative activation effect of M(CQ)M = Cr or Mn*) toward

of synd4aandsyn4d, as shown in Figure 1. On the other hand, gxidative addition described above.

the corresponding uncomplexedallyloxychlorobenzene de-

rivatives remained unchanged under the same experimental +
oo e
[ [

conditionstt

+ |
O R SMIz/ HMPA o Mn(CO)s M(CO)s Cr(CO)s
\/\g THE /'BUGH 5 7Ta(M= Cr)+ 8
Cl R (2 7b (M =Mn")
(l:r(oo) rt,4h clzr(00)3 R
) 1 4a-b To understand further the effect of M(C{)omplexation on
a R = H): 68% - anti= 42 - 26 the aryl C-Cl BDE, density functional theory (B3LYP)
ba(% ='Mg'): 86%, oy anti= 36 - 50 calculations have been carried out on the-@ BDEs of
chlorobenzeneM(CO); complexes, which have been demon-
R R
Sml, / HMPA !
N 2 4 N (10) (a) Nicholls, B.; Whiting, M. C.J. Chem. Soc1959 551. (b)
@—m THF /BuOH @j% Bunnett, J. F.; Hermann, H. Org. Chem1971, 36, 4081.
i Can | (©) (11) For reviews on Sraimediated radical reactions, see: (a) Molander,
Cr(CO)s rt, Cr(CO)3 G. A. In Radicals in Organic SynthesiRenaud, P., Sibi, M. P., Eds.; Wiley-
VCH: New York, 2001; Vol. 1, p 153. (b) Molander, G. A.; Harris, C. R.
3c-d 4c-d Chem. Re. 1996 96, 307.
¢ (R=Me): 56%, syn : anti = 34 : 22 (12) For examples on the reduction of arene metal complexes, see: (a)
d (R =allyl): 92%, syn: anti=57 : 35 Pauson, P. L.; Segal, J. A. Chem. Soc., Dalton Tran&975 1677. (b)

Davies, S. G.; Green, M. L. H.; Mingos, D. M. Petrahedron1978 34,

. 3047. (c) Kane-Maguire, L. A. P.; Honig, E. D.; Sweigart, D. @hem.
The above results clearly demonstrated a remarkable activa-re, 1984 84, 525. (d) Morken, A. M.. Eyman, D. P.; Wolff, M. A.;

tion effect of the Cr(CQy coordination on the homocleavage Schauer, S. Organometallics1993 12, 725.
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TABLE 1. Calculation Results of 1a and 5 at the B3LYP/BSII reaction ofla with (TMS)sSiH/AIBN at 80 °C for 7 h. These

Level experiments indicated the reactivity trend towdeadwas Smj
spin density > BugSnH > (TMS);SiH.
c-cl c-cIBDE Appg Jdistributionin7 The relative reactivities afaand halobenzenes toward £u
compd M length (A) (kcal/mol) (kcal/mol) C-1 M SnH/AIBN at 80 °C were also measured by competition
PhCl 1.761 89.7 0.0 0.855 experiments. The results were as follows: Phl/Ph&k 20:
la Cr 1.748 85.2 —4.5 0.775 0.116 1:0.001. Complexta was now much less reactive than PhBr,
5 Mn*  1.723 86.9 —2.8 0.823  0.005 which was in sharp contrast to the situation in the reaction with

Smb.

An obvious difference between Spand BySnH is that Smi
is a reducing agent while B8nH is not. However, it is unlikely
that the reactions of SmWith chromium complexe& proceed
via a single-electron-transfer process. The oxidation potential
of Smk, in water is—1.55 V®> while the reduction potential of
toluene-Cr(CO) complex2b is about 2.25 V (vs SCEj and
the halide substitution on the phenyl ring does not alter the
reduction potential mucH.In fact, the above phenomena could

5 o be well rationalized by the transition states of the dehalogenation
The calculations reveal that Cr(C&jgnificantly reduces the process. In transition stag the metal approaches the halogen

C—CIBDE by about 4.5 kcal/mol. The positively charged Mn  515m 10 form a partial metathalogen bond, while the carben
(COJ; has a reduced effect of 2.8 kcal/mol. These are in good pajogen bond was weakened. Based on this model, it is clear

agreement with the above experimental observations. that the rates of dehalogenation not only depend on the strength
As shown in Table 1, the calculated-Cl bond length is  f the G-X bond but also depend on the strength of the X1
shortened upon complexation by M(CGOThis is because the ]
benzene ring donates elt_actrqn density to the metal center and ¢ reactivity trend towarda could be rationalized by the
enhances the €CI bonding in these complexes. Thus, the (g|ative bond strength of the MCI bonds. TheAH; at 298 K
reduced C-Cl BDE should be mainly attributed to the stabiliza- ;5 —168.6 k3/mol for SiGl (g) and—197.9 kd/mol for SnGl
tion of the radical by the M(CQ)moiety. (@), while theAH; is —815.5 kJ/mol for SmGl(s) and—328.0
There is an increased interaction between the carbon radicaly j/mol for Sncy (s)18 These data illustrate that the relative bond
and metal centers, as indicated by the reducgeNCdistance strength is as follows: SiCl < Sn—Cl < Sm—Cl. Therefore,
from the reactants to the radicals The G—Cr distance iS  the reactivities towarda are on the order of Smb> BusSnH
shortened from 2.27 A idato 2.17 A in the corresponding > (TMS)sSiH.
radical7a (M = Cr). A reduction of about 0.1 A in the:, &M The two different results on the competition betwderand
distance is also calculated in the case of the"Momplexed bromobenzene in reaction with Syrand BuSnH could also
radical 7b. o 3 ~ be rationalized on the basis of the transition struct8rég/ith
It is well-known that a carbon radical is stabilized by spin  the powerful Smy as the reducing agent, the BDE difference
delocalization and polar effect$The spin density at theGs between the €CI bond in 1a and the GBr bond in
about 0.855 in the parent phenyl radical fadical), but itis  promobenzene was compensated by the formation of the
reduced significantly upon Cr complexation. On the other hand, stronger Sm-CI bond in1a and the weaker SmBr bond in
less delocalization is computed for M(CO)s. In terms of the  promobenzene. As a result, the activitieslafand bromoben-
p0|ar effeCt, the Cal’bon rad'cal, Wh|Ch IS e|ectr0n-defICIent, IS zene toward Sra'are of same |eve| On the Other hand, W|th
more destabilized by the more electron-withdrawing®@O).  Bu,SnH as a much weaker reducing agent, the BDE difference
These expectations correlate well with the calculated reduction hetween G-Cl bond in1a and C-Br bond in bromobenzene

in the C-CI BDE by the two metal centers. predominated. Thus, bromobenzene is more reactive taan
The above experimental and theoretical results clearly toward BuSnH.

demonstrate the remarkable activation effect of Cr($)the As an extension, we also studied the effect of Cr(€O)

C~—Cl bond homocleavage. Then how to account fénHig's complexation on the activation of aromatic-8r and G-I

observation with BgSnH? To gain more understanding on this  BDEs experimentally and computationally (see the Supporting

matter, we conducted the following experiments. The reaction |nformation for details). The competition experiments showed

of lawith BusSnH/AIBN at 80°C for 7 h gave the dechlori-  that the relative reactivities of PhBEr(CO); complex and

strated to be an accurate tool in the theoretical study of arene
Cr(CO); system$:13Vibrational frequency calculation was done
for each structure, and the calculated BDEs were enthalpy
corrected. The geometries were optimized with basis set | (BSI),
6-31G* for C, H, O, and Cl and LANL2DZ for metals, and the
energies were estimated with basis set Il (BSII), 6-8GF for

C, H, O, Cl and SDDALL for metals. The results are sum-
marized in Table 1 (see the Supporting Information for details).

nation producRain only about 12% yield, while the rest ¢
remained unchanged. With substrdte bearing an electron-

donating methoxy group, only a trace amount if any dechlori-
nation product2c was observed, which was consistent with

Kindig's results. We also tried (TM&JiH, which is another

popular radical initiator. However, no reaction occurred in the

(13) (a) Pfletschinger, A.; Dargel, T. K.; Bats, J. W.; Schmalz, H. G.

Chem. Eur. J1999 5, 537. (b) Merlic, C. A.; Walsh, J. C.; Tantillo, D. J.;
Houk, K. N.J. Am. Chem. S0d.999 121, 3596.

(14) (a) Viehe, H. G., Janousek, Z., Merenyi, R., Efisbstituent Effects
in Radical ChemistryReidel: Dordrecht, 1986. (b) Jiang, X.-Kcc. Chem.
Res.1997 30, 283. (¢) Wu, Y.-D.; Wong, C.-L.; Chan, K. W. K; Ji, G.-
Z.; Jiang, X.-K.J. Org. Chem1996 61, 746.
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bromobenzene toward B&nH/AIBN(cat.) at 80°C were 100:
<1. The relative reactivities of PhICr(CO)x complex and

(15) Girard, P.; Namy, J. L.; Kagan, H. B. Am. Chem. Soc98Q
102 2693.

(16) (a) Rieke, R. D.; Arney, J. S.; Rich, W. E.; Willeford, B. R.; Poliner,
B. S.J. Am. Chem. S0d975 97, 5951. (b) Khandkarova, V. S.; Gubin, S.
P.J. Organomet. Chenl97Q 22, 149.

(17) The Hammett relationship of the reduction potentials ofsPle
COBuU—Cr(CO) complexes was observed in the literature. TReEI
substituent, with ar value of 0.23, imposes an approximateiy.11 V

value on the reduction potential. See: Ceccon, A.; Gentiloni, M.; Romanin,

A.; Venzo, A.J. Organomet. Chenil977 127, 315.
(18) Barin, I. Ed.Thermochemical Data of Pure Substrac8sd ed.;
Wiley-VCH: Weinheim, 1995.
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iodobenzene toward BSnH/BEg(cat.) at 0°C were also resulting in a color change from blue to violet. Then a THF (2
measured by competition experiments to be larger than 100:1mL) solution of ¢;°-chlorobenzene)Cr(C@)(1a) (74.8 mg, 0.3

within the experimental error. DFT calculations at the B3LYP/ mmol) andt-BuOH (44.5 mg, 0.6 mmol) was added via cannula.
BSII level indicate a reduction of 4.6 kcal/mol in-®r BDE The solution was stirred at rt for 4 h. Water (2 mL) was added,

; ; ; d the mixture was stirred for another 2 h. The resulting solution
and a reduction of 3.9 kcal/mol in-&@ BDE upon complexation an ; ; .
. o - was then extracted with ether 330 mL). The combined organic
with Cr(CO). These results are in line with the-Cl BDE phase was washed with NaH$C8 x 30 mL) and dried over

activation. , anhydrous Ng8O,. After removal of solvent under reduced

In summary, we have experimentally demonstrated a remark- yressure, the crude product was purified by column chromatography
able activation effect of Cr(C@fromplexation on the aromatic  on silica gel with ethyl acetate/hexane (1/15, v/v) as the eluent to
C—Cl bond homolytic cleavage. Theoretical calculations indicate give pure2a as a yellowish solid. Yield: 61 mg (96%).
that the spin delocalization effect of the metal center may play
an important role in reducing the-6CI BDE. Moreover, the Acknowledgment. This project was supported by the
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Typical Procedure for the Dechlorination Reactions of la- http://pubs.acs.org

e.HMPA (0.6 mL) was degassed with nitrogen purge for 30 min.
The solution of S (9 mL, 0.9 mmol, 0.1 M in THF) was added, JO060154I
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