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Aromatic Substitution, XXXIX.! Varying Selectivity
in Electrophilic Formylation of Toluene and Benzene
Sir:

Electrophilic aromatic acylations (Friedel-Crafts ketone
syntheses) generally show high substrate and positional se-
lectivity,? with predominant para substitution of toluene.2
Friedel-Crafts type formylation reactions, such as the Gat-
terman-Koch reaction, also give nearly exclusive para sub-
stitution.’

In the preceding study of aromatic substitution, we have
reported the observation of the fairly wide scope of selectivi-
ty obtainable in electrophilic acetylation and benzoylation
reactions of aromatics with suitable substituted acyl ha-
lides.# In the case of formylation, of course, no substituent
effects are possible in the formylating agent, but the nature
of the formylating agent can be easily varied.

We now wish to report our studies of electrophilic for-
mylation of benzene and toluene, showing the wide range of
selectivity obtainable depending on the used formylating
agents.

From the most frequently used formylation methods, the
Gatterman-Koch reaction® shows the highest selectivity
(data are summarized in Table 1) reflected both in the ob-
served high kioluenc:K benzene Tate ratios {of 155-860), as well
as a high degree of para substitution (88.7-96%). Gross’s
formylation with dichloromethyl methyl ether® is somewhat
less selective (k1/ks = 119; 60.4% para substitution), as is
the Gatterman synthesis using Zn(CN); and AICl3.3 Fri-

Table I. Electrophilic Formylation of Toluene and Benzene

edel-Crafts type formylation with formyl fluoride’ (the so-
called Olah aldehyde synthesis?) gives a much lower selec-
tivity (ky1:kg = 34.6 and 53% para substitution) indicating
that the HCOF-BF; system produces a more reactive elec-
trophile (HCOF-BF; complex, but not necessarily a free
formyl cation, HCO*).

The lowest selectivity reaction studied was the HF-SbFs
catalyzed formylation with CO in SO,CIF solution at
—95°, which gave a kr/kp ratio of 1.6, and an isomer dis-
tribution of 45% o-, 2.7% m-, and 52.1% p-tolualdehyde.
Under the superacidic conditions studied, CO is protonated
to give the rapidly equilibrating (with the solvent acid sys-
tem) protosolvated formyl cation, an obviously very reactive
electrophilic reagent. When the reaction is carried out at 0
°C using only excess aromatics as solvent, the selectivity be-
comes much higher giving an isomer distribution of 7.5%
0-, 2.8% m-, and 89.8% p-tolualdehyde.

The formylation of hexadeuteriobenzene, C¢Dg, with
HCOF-BF; shows a kinetic hydrogen isotope effect of
kn/kp = 2.68, based on the comparison of the reactivity of
CesHg/CH3CeHs and C¢Ds/CH3CeHs. This isotope effect
is similar to that observed in Friedel-Crafts acetylation and
propionylation reactions, and indicates that the proton elim-
ination step is at least partially rate determining. The low
substrate selectivity formylation with CO-HF-SbFs, how-
ever, shows no primary isotope effect. .

For nearly a century Friedel-Crafts acylations were con-
sidered to give nearly exclusive para substitution of tolu-
ene.2 The reason accounting for this fact was considered to
be steric. Our increasingly better understanding of the
mechanism of electrophilic aromatic substitution indicated
that this is not necessarily the only reason. Para substitution
is greatly favored if the transition state of highest energy of
the reaction is intermediate arenium ion (g-complex) like,
where a para methyl group is more stabilizing than an ortho
(and much more than a meta). When, however, the highest
transition state is becoming increasingly “early” on the re-
action path, the ratio of ortho/para substitution increases.
Meta substitution always stays relatively low, generally less
than 5-69%, varying with the reactivity of the reagent within
this limit. It is rewarding to see this pattern now also in Fri-
edel-Crafts type formylation reactions. In these reactions
the involved substituting agents are obviously less space de-
manding than those of other acylation reactions. Steric ef-
fects consequently cannot be a very significant factor af-
fecting selectivity, which is primarily reflected in the chang-
ing ortho/para isomer ratio. The methyl group always re-
mains a predominately ortho-para directing substituent,
even in very low substrate selectivity reactions and the meta
isomer does not increase above 4%,

Besides mechanistic interest, our studies are also consid-
ered to eventually contribute to the extended preparative
usefulness of Friedel-Crafts syntheses in obtaining pre-
viously not easily accessible isomers (such as o-tolual-
dehyde). Our studies are extended to the formylation of
other substituted aromatics, and will be reported in full.

% tolualdehydes

Formylating agent Catalyst Solvent Temp, °C ktlkg Ortho Meta Para
co HF-SbF, SO,CIF -95 1.6 45.2 2.7 52.1
HCOF BF; Excess aromatics 25 34.6 43.3 3.5 5§3.2
HCN-HCl AICL, Excess aromatics 25 49.1 39.9 3.7 56.4
Zn(CN),—HC1 AICl, CH,NO, 25 92.8 38.7 35 57.8
Zn(CN),—HClI AICL, Excess aromatics 50 128 34.3 1.8 63.9
CL,CHOCH, AICl, CH,NO, 25 119 35.8 3.8 60.4
CO + HCl1 AIC1,Cu,Cl, Excess aromatics 25 155 8.6 2.7 88.7
CO + HC1 AIC1, Excess aromatics 0 319 6.6 0.8 92.6
CO + HF BF; Excess aromatics 0 860 3.5 0.5 96.0
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Cyclopropanation Transition States. The Electronic
Effect
Sir:

The stereochemistry of olefin cyclopropanation by car-
benes and carbenoids has been a particularly active topic
for the past several years.! Possible influences include elec-
tronic effects,!:2 steric effects,'® and specific complexation
effects involving metal ions® or substituted olefins.* Elec-
tronic effects have been attributed to dispersion forces,’ sec-
ondary electrostatic interactions,®” or, more generally, sec-
ondary electronic interactions viewed in molecular orbital
terms.? These suggestions are based on experiments involv-
ing unsymmetrical carbenes or carbenoids in which the two
groups differ in size as well as electronics. Only if one as-
sumes a very early transition state, can steric differences be
ignored. Such an assumption is probably justified in Closs’s
substituent work on the reactive monoarylcarbenes® and
monoarylcarbenoids,®? but the endo-aryl and endo-hydro-
gen transition states probably occur at different separation
distances which could change electronic effect magnitudes.
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Figure 1. o* p plot of diarylcarbenoid cyclopropanation stereoselectiv-
ity at 0 °C.

We felt that examining the effect of para substitution on
diarylcarbenoid and diarylcarbene cyclopropanations would
clarify the electronic effect since the transition states lead-
ing to 1 (Ar endo) and 2 (Ph endo) should occur at the
same carbene-olefin separation distance and would there-
fore have the same steric hindrance between the endo-group
and the olefin substrate. Furthermore, the low reactivity of

4nCl, or
@ + AxPh)XN, __’I_N_.
Ar Ph Ph Ar
other
+ products
1(Arendo) 2 (Ph endo)

the diaryl species implies a relatively product-like transition
state with only small carbene-olefin separation!® where
both steric and electronic effects might be maximized. The
appropriate diaryldiazomethanes were added to cyclopenta-
diene in the usual fashion'! using both zinc chloride cataly-
sis and Pyrex filtered irradiation. Reverse-phase high pres-
sure liquid chromatography!? allows analytical separation
of the isomeric olefin products'? without fear of isomeriza-
tion so that reliable kinetic stereoselectivities can be ob-
tained. The stereochemistry of the 6,6-diarylbicyclo-
[3.1.0)hex-2-enes (1) and (2) can be determined by applica-
tion of europium shift reagents'#!5 to the hydroboration de-
rived 6,6-diarylbicyclo[3.1.0]hexan-3-exo-als.

The results for both the carbene and carbenoid reactions
are shown in Table I. Note that in all cases the major prod-

Table I. Substituent Effects on Diarylcarbene and Diarylcarbenoid Reactions

Ar(Ph)CN, Conditions (°C) Cyclopropane Arendo/Arexo? Benzophenone Ketazine®
p-CH,CN ZnCl, (25) 37 1725 15 35

ZnCl, (0-5) 9 1/4.5 20 50

hv (0-5) 32 1/3.2 20 4 (24)¢c
p-C,H Br ZnCl, (25) 31 1/3.5 68 S

ZnCl, (0-5) 21 1/3.6 17 24

hv (0-5) 25 1/3.5 26 — —(@25)¢
Phd ZnCl, (25) 35 - — 29 24
Phd ZnCl, (0-5) 23 —— 15 51
Phd hv (0-5) 19 - — 25 1(36)¢
pCH,CH, ZnCl, (25) 12 2/1 5 60

ZnCl, (0-5) 20 3/1 24 25

hv (0-5) 14 Lin 35 20 (10)¢
p-CH,OCH, ZnCl, (25) 11 >20/1€ 46 10

ZnCl, (0-5) 5 »20/1e 47 30

hv (0-5) 15 >20/1e 21 29

2Isomer ratio determined by recycling reversed phase HPLC with 254-nm detector. b Ketazine = tetraarylketazine. ¢ Yield of 1,1,2,2,-tetra-
arylethane. 9From ref 8. €No second isomer could be seen by NMR or recycling HPLC on the crystalline isomer mother liquors. We

estimate a maximum of 5% of a second isomer could be present.
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