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Figure 1. Newman projection down equatorial carbon—carbon bond of
ketones la—c (top), stereodiagram of ketone 1b (middle), and motions
involved in formation of trans-cyclobutanols 3a—c (bottom).

ring. A Newman projection down the equatorial carbon-carbon
bond is shown in Figure 1. Also shown in Figure 1 is a stereoview
of ketone 1b. This conformation clearly indicates that it is the
equatorial hydrogen H, that is abstracted in the solid state through
a boatlike six-atom geometry. This conclusion is borne out
quantitatively by the abstraction distances and angles in Table
II. The carbonyl oxygen is much closer to H, (2.6 A) than to
H, (3.8 A). This hydrogen abstraction distance of 2.6 A is
consistent with our suggested® upper limit of 2.72 A (van der
Waals radii sum) for this type of process.

Turning to the angle 7, the degree to which the hydrogen being
abstracted lies outside the mean plane of the carbonyl group,
Wagner has clearly pointed out that coplanar (7 = 0°) hydrogen
abstraction is not a strict requirement for the type II process.!2
He has suggested a cos? 7 dependence for abstraction, which, in
our case, would reduce the relative reactivity of H, (r ~ 45°)
by a factor of only two.

Table II also indicates that Hy is in a position favorable for
abstraction through a five-membered transition state and in fact
is more nearly coplanar with the abstracting oxygen n orbital (=
= 7-13°) than is H,; the tertiary nature of Hg should also facilitate
its abstraction.! Nevertheless, no products corresponding to ab-
straction of Hg could be detected either in solution or the solid
state. Reversible 8-hydrogen abstraction is of course a possibility.

A final point of discussion concerns the difference in cycliza-
tion/cleavage ratios in the two media. It is widely accepted! that

(8) (a) Scheffer, J. R.; Dzakpasu, A. A. J. Am. Chem. Soc. 1978, 100,
2163-2173. (b) Scheffer, J. R. Acc. Chem. Res. 1980, 13, 283-290. (c)
Appel, W. K.; Jiang, Z. Q.; Scheffer, J. R.; Walsh, L. J. Am. Chem. Soc.
1983, 105, 5354-5364.
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efficient cleavage requires a 1,4-biradical conformation in which
both singly occupied p orbitals can overlap significantly with the
central ¢ bond being broken; failing this, cyclization predominates.
In the solid state, the 1,4-hydroxybiradical will have the same basic
conformation as its ketonic precursor (Figure 1). We suggest that
this is the predominant conformation in solution as well. This
conclusion is based on the fact, noted previously, that the cycli-
zation stereoselectivity in the solid state is identical with that
observed in solution (Table I).

This biradical conformation is very poorly aligned for cleavage.
In fact, as indicated by the crystal structure data, it is almost
perfectly misaligned, with both singly occupied p orbitals oriented
essentially at right angles to the central ¢ bond.” Thus extensive
C(1)-C(2) and C(3)-C(4) bond rotations are required for
cleavage. The latter motion is of course impeded by ring restraints,
hence the preference for cyclization in solution. The reduced
amount of cyclization in the solid state can then be ascribed not
to enhanced cleavage in this medium but to crystal lattice re-
striction of cyclization. The product cyclobutanols 3 and 4 bear
little structural resemblance to their biradical precursor, and their
formation requires extensive molecular and atomic motion, most
notably a large permanent displacement of the bulky aryl groups
from their original position (Figure 1). This motion sweeps the
aryl and hydroxyl groups through a large volume and would be
expected to be topochemically disfavored in the solid state relative
to the “less-motion” pathway required for cleavage.!®

Extensions of these concepts to other type II systems and to
other organized media are in progress.
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(9) The p orbital at C(4) was assumed to lie normal to the C(3)-C(4)-
C(5) plane. The actual angles for compounds 1a, 1b and 1¢ respectively were
6, = 100.7°, 94.9°, and 96.7° and 4, = 86.6°, 88.2°, and 88.6°.

(10) For additional examples of crystal lattice control of biradical behavior,
see: Appel, W. K; Greenhough, T. J.; Scheffer, J. R.; Trotter, J. J. Am.
Chem. Soc. 1979, 101, 213-215. Quinkert, G.; Tabata, T.; Hickmann, E. A.
J.; Dobrat, W. Angew. Chem., Int. Ed. Engl. 1971, 10, 199-200.
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Kistiakowsky and his students pioneered the use of kinetic
measurements of gas-phase free radical brominations of hydro-
carbons to establish bond dissociation energies (BDE).! The first
reliable value for methane? was followed by measurements on
ethane,’ neopentane,* and toluene.* The toluene work has been
criticized both for concluding that termination occurs by Br:

(1) George B. Kistiakowsky, 1900-1982, in whose memory this work is
dedicated.

(2) Kistiakowsky, G. B.; VanArtsdalen, E. R, J. Chem. Phys. 1944, 12,
469-478.

(3) Andersen, H. C.; VanArtsdalen, E. R. J. Chem. Phys. 1944, 12,
479-483.

(4) Hormats, E. I; VanArtsdalen, E. R. J. Chem. Soc. 1951, 19, 778-783.

(5) Anderson, H. R.; Scheraga, H. A.; VanArtsdalen, E. R. J. Chem. Phys.
1953, 21, 1258-1267.
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Table I. Kinetic Runs at 45 °C in CCl, @
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run [RH], [Br,], [AIBN] chain length® [HBr]¢ % reaction?d  n, graphic 1, numeric
2 51.9 3.98 1.04 953 2.78 93 0.24 0.22
3 52.8 3.00 1.15 1337 0.96 99 0.30 0.22
6 51.9 3.26 5.59 571 1.45 99 0.21 0.24
7 54.5 2.53 341 771 1.14 98 0.29 0.35
8 53.5 7.11 1.18 3109 2.98 99 0.14 0.16
9 57.3 8.29 1.19 17811 4.03 99 0.21¢ 0.20

@ Concentrations in millimoles per liter. b At maximum rate. € At time of maximum rate. ¢ Conversion at end of recording of data.
€ From the intercept of run 9,7 = 1039 M™! min, a minimum value can be calculated for k, = 1.5 X 10® M™* 57!, using fk; = 3.07 X 1077 5!
(Kurkov, V. P. Ph.D. Thesis, Columbia University, New York, NY, 1967, p 18) and k; =1 X 10*® M~ s™* (Strong, R. L. J. Am. Chem. Soc.

1965, 87, 3563).

coupling and for yielding a BDE of 89.6 kcal/mol for benzyl
C-H;5 at present this value is still in doubt.? We have recom-
mended a value near 88 kcal/mol,’ and we have proposed that
ring substitution affects the BDE.!°

We are investigating the liquid-phase kinetics of brominations
of hydrocarbons, initiated by azobis(isobutyronitrile) (AIBN) (eq
1-6). The ratio k;/ks = n was determined at 45 °C by following

AIBN 2% 2(CH;),CCN (1)
(CH,),CCN + Br, — (CH;),CBrCN + Br- ()
Br- + RH —> HBr + R- (3)

R- + HBr i RH + Br- 4)

R. + Br, R RBr + Br. )

2Br- L Br, (6)

spectrophotometrically (time scan) the absorbance of Br, in
deaerated solutions of toluene, Br,, and AIBN in CCl,. If ter-
mination is by eq 6, the rate expression is eq 7, and a plot of 1/rate

d[RBr]/dt =
ksks((fk;[AIBN]) / k,)'/*([RH][Br,]) / (k,[HBr] + ks[Br;])
@)

vs. [HBr]/[Br,] should be linear. This was found to be the case.
The slope is S = (k,/(k;ks[RH])) (k,/ (/k{AIBN]))!/?, and the
intercept is I = (1/(k3[RH]))(k,/(fk[AIBN]))!/2. The ratio S/I
is n. The spectrophotometer beam did not initiate the reaction,
and the decomposition of AIBN did not exceed 0.5%. The early
parts of spectral curves showed increasing rates, indicative of
spurious inhibition. Data past the maximum rate was used. The
variability of the chain length (Table I) indicates possible residual
inhibition by O, or hydroperoxides, but n is fairly constant, 0.24
£ 0.04. Evidently, small residual inhibition would affect the
exponent of (k,/fk,{AIBN]), an effect eliminated in S/1. We take
n = 0.21 as the most reliable since run 9 is the fastest. S and
I were obtained also from the best numerical fit of the integrated
rate expression to the data. Extrapolation of the gas-phase values
to 45 °C gives n = 0.205. The excellent agreement in n and in
the mode of termination supports VanArtsdalen’s BDE value near
89 kcal/mol’® and is consistent with recent results of “thermal
radical production”.!!

In comparing two hydrocarbons, RH and R’H, the difference
in AH for reactions 3 and 3’ is A(BDE) for R-H and R’-H (eq
8).

AH — AH' = {E,(k3) = Ey(kg)} — {Eo(ky') = Eo(ks)} (8)

E,(k;) - E,(ky) can be obtained from the temperature dependence
of k3/ky/, the true relative reactivity in the absence of reversibility,

(6) Benson, S. W.; Buss, J. H, J. Chem. Phys. 1958, 28, 301-309.
(7) Walling, C. “Free Radicals in Solution”; Wiley: New York, 1957; p
74.

(8) Meot-Ner, M. J. Am. Chem. Soc. 1982, 104, 5-10.

(9) Zavitsas, A. A.; Melikian, A. A. J. Am. Chem. Soc. 1975, 97,
2757-2763.

(10) Zavitsas, A. A; Pinto, J. A. J. Am. Chem. Soc. 1972, 94, 7390-7396.

(11) Golden, D. M. In “Frontiers in Free Radical Chemistry”; Pryor, W.
A., Ed. Academic Press: New York, 1980; p 33.

Table II. Relative Reactivitics and Ratios K (HBr)/k (Br,)?

apparent €

rel
RH ° n n' kylky reactivity
p-xylenc® 45 049 0.219 35:0.3¢ 2.6+0.2
m-chlorotoluene 45 0.075 0.219  0.17:0.01¢ 0.19 = 0.01
p-xylene® 0 0.10 0.0507 42:03¢ 37:03
m-chlorotoluene 0 0.02 0.050F 0.15+0.01¢ 0.20 £ 0.01

% R'H = toluenc. Experiments were performed by light initia-
tion with a 4-fold excess of hydrocarbons over bromince (no sol-
vent), at least in triplicate, and were analvzed by NMR. b No HBr
traps. € Per methyl. @ From absolute ratc measurcments. € In
the presence of 3-fold excess of 1,2-epoxybutanc; NMR showed
that the only product from epoxide was the HBr adduct. fEx-
trapolated with the temperature dependence of VanArtsdalen.®
£ Sec ref 24.

i.e., when eq 4 (and 4’) is suppressed by the addition of epoxides
that effectively trap HBr. The temperature dependence of n and
n’ gives E,(ky) — E,(ks) and E, (k) — E,(ks'). It is reasonable
to assume that E,(ks) =~ E,(ks’), since both reactions are exo-
thermic by at least 10 kcal/mol. Consistent with this argument,
carbon radicals have been assumed to react with Br, with E, ~
0.2 Relative reactivities were determined in the usual fashion'®
with a 3-fold excess of 1,2-epoxybutane. The rate expression for
direct competition (no HBr traps), eq 9, has not been integrated
heretofore.'?-14

d[RBr] /d[R'Br] =
A{((n'THBr]) /[Br,]) + 1}/{((n[HBr]) /[Br,]) + 1} (9)
where A = (k;/ky/)({RH]/[R’H]). For the common case of

substantial excess RH and R’H over Br,, the integrated form is
eq 10. A4 may be calculated from the initial concentrations of

[RBr], + [R'Brl,
A(n'-1)
An'-1)+ (n-1)

A(n-n)
A1) + (- Df

An’+ n
A+1

(10)

the hydrocarbons and k;/k;’ as determined with epoxides or
alternatively under “bromostasis” conditions;'? the 1hs of eq 10
is determined by complete reaction in the absence of HBr traps.
If one of the n values is known the other is obtained by numerical
methods. By such competitions with epoxides we obtained the
results of Table II. Eq 10 allows determinations of » without
recourse to isotopes!® or large excesses of HBr or Br,.!” This
method also provides an alternative to interrupting the reaction
after a few percent conversion for estimating the effects of re-
versibility.!®!?  Table II yields k3(p-CH;)/k;(m-Cl) = 3.19

(12) Walling, C.; Rieger, A. L.; Tanner, D. D. J. Am. Chem. Soc. 1963,
85, 3129-3135.

(13) Shea, K. J.; Skell, P. S. J. Am. Chem. Soc. 1973, 95, 284.

(14) Tanner, D. D.; Rowe, J. E.; Pace, T.; Kosugi, Y. J. Am. Chem. Soc.
1973, 95, 4705-4711.

(15) Shea, K. J.; Lewis, D. C.; Skell, P. S. J. Am. Chem. Soc. 1973, 95,
7768-7776.

(16) Shea, K. J; Skell, P. S. J. Am. Chem. Soc. 1973, 95, 283.

(17) Tanner, D. D.; Kosugi, Y.; Arhart, R.; Wada, N.; Pace, T.; Ruo, T
J. Am. Chem. Soc. 1976, 98, 6275-6284,
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exp(1178/(RT)), n(p-CH;) = 7555 exp (-6092/(RT)), and n-
(m-Cl) = 228 exp(-5067/(RT)). The variation in the preexpo-
nential terms for n appears unexpected; VanArtsdalen found »
= 1016 exp(-5381/(RT)) for toluene. For the series p-CH;, H,
and m-Cl, we have the smooth trend of log (Ayg,/A4s,,) = 3.87,
3.01,+and 2.36. All data of Table II give good Hammett plots
vs. ot

From eq 8, AH(m-Cl) - AH(p-CH;) = 1178 + 6092 - 5067
= 2.2 kcal/mol. The benzyl C-H bond in m-chlorotoluene is
stronger than that in p-xylene by 2.2 keal/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.?® Two independent
methods lead to virtually the same result. The substitutent effect
is in the direction predicted.!® As with phenols,?’ Hammett
correlations for benzyl hydrogen abstraction by radicals should
not be interpreted solely on the basis of “polar effects” in the
transition state,'%2223

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]/[Br,] (7 pages). Ordering information is given on any
current masthead page.

(18) Traynham, J. G.; Green, E. E.; Lee, Y .-S; Schwinberg, F.; Low, C-E.
J. Am. Chem. Soc. 1972, 94, 6552-6553.

(19) Skell, P. S.; Shea, K. J. 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. J. Am. Chem.
Soc. 1982, 104, 2885-2891.

(23) Dust, J. M.; Arnold, D. R. J. Am. Chem. Soc. 1983, 105, 1221-1227.

(24) The complex (HBrBr,) may be present; eq 8 would still be valid, with
k, 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(CQ); is the
high regioselectivity of the addition often encountered.!”” The-
oretical analysis*®® as well as carefully designed experiments*®
have demonstrated the interplay of electronic and steric factors!®

(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,
1076-1077.

(6) Jackson, W. R.; Rae, I. D.; Wong, M. G.; Semmelhack, M. F.; Garcia,
J. N. J. Chem. Soc., Chem. Commun. 1982, 1359-1360.

(7) Boutonnet, J. C.; Mordenti, L.; Rose, E.; Le Martret, O.; Precigoux,
G. J. Organomet. Chem. 1981, 221, 147-156.

(8) Albright, T. A.; Carpenter, B. K. Inorg. Chem. 1980, 19, 3092-3097.

(9) Solladié-Cavallo, A.; Wipff, G. Tetrahedron Lett. 1980, 3047-3050.
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in this reaction. Naphthalenetricarbonylchromium (1) exhibits
a particularly high « regioselectivity (>98%) with a range of
nucleophiles of different size and reactivity.>!! It has been pointed
out® that conformational effects of the Cr(CO); group cannot
account for the observed regioselectivity (the Cr(CO); adopts a
staggered conformation'?); however, a correlation with the LUMO
coefficient of the free arene has been suggested.>!?

In this communication we consider the question of regiose-
lectivity in (1,4-dimethoxynaphthalene)tricarbonylchromium
(2).15%1¢  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 °C) of the carbanion (1.05
equiv) prepared according to standard procedures. After dropwise
addition of hexamethylphosphoric triamide (HMPT, 4 mL)!” the
mixture was stirred for the time and at the temperature indicated
in Table I. The solution was then recooled to =78 °C, 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 « 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 °C. 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 « addition intermediate. Presumably
this transfer occurs via dissociation of the carbanion as depicted
ineq 1. On the basis of the observed slow exchange of (benz-

OCH,
€r(COJ, o

OCH,

CH,0 R H

SN

CH,0 crcol,
CH,0 cr(co,

ene)tricarbonylchromium between carbanions, reversibility of
nucleophilic attack on Cr(CO);-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); 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) Kiindig, E. P.; Desobry, V. Helv. Chim. Acta 1981, 64, 1288-1297.

(12) Kunz, V.; Nowacki, W. Helv, Chim. Acta 1967, 50, 1052-1059.

(13) Extended Hiickel MO calculations on monosubstituted arene Cr(C-
0O); complexes indicate the lowest arene-centered unoccupied MO to be
qualitatively very similar to the LUMO of the free arene.* Examination of
the frontier orbitals of naphthalene and the valence orbitals of Cr(CO),'*%
suggests an analgous situation in this complex—thereby providing a rationale
for the o 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); regiospecifically to yield the complex with the Cr(CO); group
coordinated to the nonsubstituted ring,

(17) Complex 2 forms a suspension in the reaction mixture, on addition
of HMPT at -60 °C; a homogeneous solution is formed after 30 min.
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