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exp(l IUf(RT)), n{p-CH3) = 7555 exp (-6092/(RT)), and n-
(m-C\) = 228 exp(-5061/(RT)). The variation in the preexpo-
nential terms for n appears unexpected; VanArtsdalen found n 
= 1016 exp(-5381/(/?r)) for toluene. For the series />CH3, H, 
and m-Cl, we have the smooth trend of log (AHBI/ABT2) = 3.87, 
3.01, and 2.36. All data of Table II give good Hammett plots 
VS. (T+. 

From eq 8, AH(m-Cl) - AH(P-CU3) = 1178 + 6092 - 5067 
= 2.2 kcal/mol. The benzyl C-H bond in w-chlorotoluene is 
stronger than that in p-xylene by 2.2 kcal/mol, and we estimate 
the uncertainty at ±0.6. This result is in agreement with Pryor's 
recent report of a difference of 1.9 kcal/mol.20 Two independent 
methods lead to virtually the same result. The substitutent effect 
is in the direction predicted.10 As with phenols,21 Hammett 
correlations for benzyl hydrogen abstraction by radicals should 
not be interpreted solely on the basis of "polar effects" in the 
transition state.10,22,23 

Registry No. p-Xylene, 106-42-3; m-chlorotoluene, 108-41-8; hydrogen 
bromide, 10035-10-6; bromine, 7726-95-6. 

Supplementary Material Available: The derivation of eq 10; 
for run 9, the spectrophotometer chart, the FORTRAN program for 
the numerical method and output, and the plot of (1/rate) vs. 
[HBr]/[Br2] (7 pages). Ordering information is given on any 
current masthead page. 
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(19) Skell, P. S.; Shea, K. J. / . Am. Chem. Soc. 1972, 94, 6550-6552. 
(20) Pyror, W. A., private communication. Also: Pyror, W. A.; Church, 

D. F.; Tang, R. H. In "Frontiers in Free Radical Chemistry"; Pryor, W. A., 
Ed.; Academic Press: New York, 1980; p 372. We thank Prof. Pryor for 
keeping us informed of this work. 

(21) Mahoney, L. R.; DaRooge, M. A. J. Am. Chem. Soc. 1975, 97, 
4722-4731. 

(22) Pryor, W. A.; Tang, F. Y.; Tang, R. H.; Church, D. F. / . Am. Chem. 
Soc. 1982, 104, 2885-2891. 
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Zc4 and k/ referring to reaction with complex. No complex expected at 
dilutions of Table I. 
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One of the fascinating aspects of the reaction of carbon nu-
cleophiles with substituted arenes coordinated to Cr(CO)3 is the 
high regioselectivity of the addition often encountered.1"7 The­
oretical analysis4,8'9 as well as carefully designed experiments4,6 

have demonstrated the interplay of electronic and steric factors10 

(1) Semmelhack, M. F.; Clark, G. R. J. Am. Chem. Soc. 1977, 99, 
1675-1676. 

(2) Semmelhack, M. F.; Clark, G. R.; Farina, R.; Saeman, M. J. Am. 
Chem. Soc. 1979, 101, 217-218. 

(3) Semmelhack, M. F.; Clark, G. R.; Garcia, J. L.; Harrison, J. J.; 
Thebtaranonth, Y.; Wulff, W.; Yamashita, A. Tetrahedron 1981, 37, 
3957-3966. 

(4) Semmelhack, M. F.; Garcia, J. L.; Cortes, D.; Farina, R.; Hong, R.; 
Carpenter, B. K. Organometallics 1983, 2, 467-469. 

(5) Kozikowski, A. P.; Isobe, K. J. Chem. Soc, Chem. Commun. 1978, 
/076-1077. 
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J. N. J. Chem. Soc, Chem. Commun. 1982, /i59-1360. 

(7) Boutonnet, J. C ; Mordenti, L.; Rose, E.; Le Martret, O.; Precigoux, 
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(8) Albright, T. A.; Carpenter, B. K. Inorg. Chem. 1980, 19, 3092-3097. 
(9) Solladie-Cavallo, A.; Wipff, G. Tetrahedron Lett. 1980, 3047-3050. 

in this reaction. Naphthalenetricarbonylchromium (1) exhibits 
a particularly high a regioselectivity (>98%) with a range of 
nucleophiles of different size and reactivity.2,11 It has been pointed 
out8 that conformational effects of the Cr(CO)3 group cannot 
account for the observed regioselectivity (the Cr(CO)3 adopts a 
staggered conformation12); however, a correlation with the LUMO 
coefficient of the free arene has been suggested.2,13 

In this communication we consider the question of regiose­
lectivity in (l,4-dimethoxynaphthalene)tricarbonylchromium 
(2).15,16 We expected that superposed on the factors governing 
regioselectivity in 1 steric and electronic effects due to the OMe 
groups may become apparent in the reactions of 2. The data listed 
in Table I suggest that these effects do, in fact, dominate regio-
chemistry under conditions of kinetic control. 

In a typical reaction, complex 2 (1.5 mmol) was added as a 
solid to a solution (10 mL of THF, -78 0C) of the carbanion (1.05 
equiv) prepared according to standard procedures. After dropwise 
addition of hexamethylphosphoric triamide (HMPT, 4 mL)17 the 
mixture was stirred for the time and at the temperature indicated 
in Table I. The solution was then recooled to -78 0C, treated 
with iodine (9 mmol in 10 mL of THF), and left to warm up 
overnight. Isolation by conventional procedures yielded the 
substituted naphthalenes. 

Steric effects are evident under conditions favoring kinetic 
control of the addition. The small nucleophile 2-lithioacetonitrile 
yields predominantly the a substitution product 3 (entries 1 and 
2) whereas the sterically more demanding 2-lithio-2-methyl-
propionitrile gives under analogous conditions predominantly /3 
addition (entries 3-5). With the latter, conversion is virtually 
complete after 1 h at -50 0C. Consequently, the different product 
distribution observed on increasing reaction time and/or tem­
perature (entries 4-6) is indicative of a rearrangement to the 
thermodynamically favored a addition intermediate. Presumably 
this transfer occurs via dissociation of the carbanion as depicted 
in eq 1. On the basis of the observed slow exchange of (benz-

OCH, 

OCH3 

ene)tricarbonylchromium between carbanions, reversibility of 
nucleophilic attack on Cr(CO)3-coordinated arenes has been 

(10) Regioselectivity of nucleophilic attack appears to be goverened by a 
number of factors—such as charge polarization induced by the conformation 
adopted by the Cr(CO)3 group, coefficient size of the lowest energy arene-
centered unoccupied molecular orbital, reactivity of the nucleophile, and steric 
demands of arene substituent and nucleophile. 

(11) Kundig, E. P.; Desobry, V. HeIv. Chim. Acta 1981, 64, 1288-1297. 
(12) Kunz, V.; Nowacki, W. HeIv. Chim. Acta 1967, 50, 1052-1059. 
(13) Extended Hiickel MO calculations on monosubstituted arene Cr(C-

O)3 complexes indicate the lowest arene-centered unoccupied MO to be 
qualitatively very similar to the LUMO of the free arene.9,4 Examination of 
the frontier orbitals of naphthalene and the valence orbitals of Cr(CO)3'48 

suggests an analgous situation in this complex—thereby providing a rationale 
for the a regioselectivity of nucleophilic attack. 

(14) Elian, M.; Hoffmann, R. Inorg. Chem. 1975, 14, 1058-1076. Al­
bright, T. A.; Hofmann, P.; Hoffmann, R. J. Am. Chem. Soc 1977, 99, 
7546-7556. 

(15) Deubzer, B.; Fritz, H. P.; Kreiter, C. G.; Ofele, K. J. Organomet. 
Chem. 1967, 7, 289-299. 

(16) Substituents on naphthalene have a strong directing effect on the 
coordination behavior of the arene. Thus, 1,4-dimethoxynaphthalene reacts 
with Cr(CO)6 regiospecifically to yield the complex with the Cr(CO)3 group 
coordinated to the nonsubstituted ring. 

(17) Complex 2 forms a suspension in the reaction mixture, on addition 
of HMPT at -60 0C; a homogeneous solution is formed after 30 min. 
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Table I. Reactions of Carbanions with Complex 2 
OCH, CH1O R CH1O 

1. LiR 
— — Il I I + Il 

-^"^ 
CH1O 

Cr(CO)3 

OCH 1 CH1O 

entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

carbanion LiR 

LiCH2CN 
LiCH2CN 
LiC(CH3)2CN 
LiC(CH3)2CN 
LiC(CH3)2CN 
LiC(CH3)2CN 
LiCH2COOr-Bu 
LiCH2COOf-Bu 
LiC(CH3)S(CH,)3S 

LiC(CH3)S(CH2)3S 

time, h/ 
temp, °C 

1/-50 
30/-20 
0.5/-60 
1/-40 
2/0 
46/0 
1/0 
48/0 
1/0 

48/0 

product 
mixture3 

ratio, % 

3 

75c 

100 
22 
27 
47 
97c 

67 
>98 c 

0 

0 

4 

25c 

0 
78 
73 
53 

3 C 

33 
<2 e 

100 

100 

com­
bined 
yield , 6 

% 
34c 

72 
69 
84 
76 
7 2 c 

89 
84c 

61 

71 

a All compounds were isolated and independently characterized. 
Their IR, 1H NMR (360 MHz), and mass spectra are in full agree­
ment with the assigned structures. The product ratios are based 
on isolated material (unless otherwise noted). b The percentage 
yields refer to isolated (column chromatography) material after 
separation into 3 and 4 (unless otherwise indicated). c Ratio de­
termined by ' H NMR integration, combined yields refer to mix­
tures of 3 and 4. 

considered extremely slow below 0 0C.18 Furthermore, product 
distributions resulting from reactions with substituted-benzene 
complexes were reported to be invariant to changes in reaction 
time and temperature (0.5 min at -78 0C to 24 h at 25 0C), 
strongly suggesting kinetic control of the reaction.2 In contrast, 
in reactions of 2 reversibility of the addition to the kinetically 
favored intermediate depends largely on the nature of the anion. 
Irreversible /8 addition is only observed with 2-lithio-2-methyl-
1,3-dithiane (entries 9 and 10). The different behavior of the 
sulfur-stabilized carbanion compared to the ester enolate (entries 
7 and 8) and the cyano-stabilized carbanions (entries 1-6) may 
simply reflect the difference in the pK^ value of the conjugate acid. 

The regiospecific /3 attack of methyldithiane anion can be 
interpreted in terms of steric and electron-pair repulsion between 
the incoming anion and the methoxy group. In a synthetic ap­
plication this reaction provides the key step in a short and novel 
route to the daunomycinone precursor l,4-dimethoxy-6-acetyl-
tetralin (6)19 (Scheme I). 

Starting with 1,4-dimethoxynaphthalene, regiospecific16 in­
troduction of the Cr(CO)3 group was achieved in 91% yield by 
a procedure described previously." Reaction of 2 with 2-lithio-
2-methyl-l,3-dithiane in THF/HMPT followed by protonation20 

of the intermediate and decomplexation (Ce(IV)) resulted in 
nucleophilic addition of the masked-carbonyl function with re­
duction of one double bond to yield, after chromatography on silica 
gel and crystallization (ether/hexane), the dihydronaphthalene 
5 (mp 102 0C, 62%). Dithiane hydrolysis followed by hydro-
genation yielded a 5:1 mixture of the desired product 6 and its 
aromatic counterpart (78% yield). 

In summary, the results presented indicate the delicate balance 
that exists among the factors affecting regioselectivity and re­
versibility of the addition of carbanions to complex 2. Further 

(18) Semmelhack, M. F.; Hall, H. T.; Jr.; Farina, R.; Yoshifuji, M.; Clark, 
G.; Bargar, T.; Hirotsu, K.; Clardy, J. J. Am. Chem. Soc. 1979, 101, 
3535-3544. 

(19) Wong, C. M.; Popien, D.; Schwenk, R.; Te Raa, J. Can. J. Chem. 
1971, 49, 2712-2718. 

(20) In contrast to the cyclohexadienyl Cr(CO)3 anions where protonation 
necessitates treatment with an excess of strong acid (e.g., CF3COOH),1 8 

protonation of our intermediate occurs readily to yield, as the sole product, 
the desired isomer 5. In general, protonation and oxidation steps were carried 
out in one operation with 3 equiv of CeIV in aqueous THF. 

OCH 

CH1O 

Cr(CO)3 

6 2 % 

6 5 % 

OCHj OCH3 

a All reactions were carried out under nitrogen. Key: (a) 
Bu20/hexane (10/1), THF (I mL), Cr(CO)6, reflux 3 days; (b) 
(i) LiC(CH3)S(CH2)3S, THF/HMPA (9/1), 0 0C, 60 h; (ii) 

Ce(NH4)j(N03)6 (3 equiv), THF/H20 (9:1), - 7 8 0C -* room 
temperature, 12 h; (c) (i) A'-chlorosuccinimide (4 equiv), AgNO3, 
collidine, 25 0C, 2 min, saturated aqueous Na2SO3, saturated 
aqueous NaHCO3, CH2Cl2; (ii) H2 (1 aim), Pd/C (10%), room 
temperature. 

mechanistic and synthetic studies along these lines are in progress 
in our laboratory. 
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The aldol reaction, usually carried out with base or acid as the 
catalyst, is one of the most fundamental reactions in organic 
chemistry.2 In recent years, the development of new methods 
for the directed aldol reaction has seen rapid growth in relation 
to control of acyclic stereochemistry.2"'3 Several important un-

(1) Organometallic High-Pressure Reaction. 2. P a r t i ; Yamamoto, Y.; 
Maruyama, K.; Matsumoto, K. J. Chem. Soc, Chem. Commun. 1983, 489. 

(2) (a) Mikaiyama, T. Org. React. 1982, 28, 203; (b) "Carbon-Carbon 
Bond Formation"; Augustine, R. L., Ed.; Marcel Dekker: New York, 1979; 
Vol. 1. 

(3) (a) Evans, D. A.; Nelson, J. V.; Taber, T. R. Top. Stereochem. 1982, 
13, 1. (b) Heathcock, C. H. Science {Washington, D.C.) 1981, 214, 395. (c) 
Masamune, S.; Choy, W. Aldrichim. Acta 1982, 15, Al. (d) Bartlett, P. D. 
Tetrahedron, 1980, 36, 3. 
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