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Abstract. The protodediazoniation of aryldiazonium fluoroborates can be effected by warm
dimethylformamide (DMF). The conversion of 4-nitrobenzenediazonium fluoroborate to nitrobenzene
was studied in detail. Products derived from trapping experiments were consistent with 2 homolytic
process. Studies with deuterated DMF established that H atom abstraction occurred from both sites in
DMF with a formyl:methyl preference of 3.5:1.0. This mechanism was consistent with bond
energies and kinetic isotope effects calculated for the DMF radical cation. © 1997 Elsevier Science Ltd.

The replacement by hydrogen of the diazonium group on an aromatic ring has been studied for well over a
century,? and new methods continue to be developed.3# While more than two dozen procedures are known,
only four involve no other reagent than solvent. The latter group, comprised of cyclic ethers,3 tetramethylurea,
hexamethylphosphoramide (HMPA),”7 and dimethylformamide (DMF),38 effects protodediazoniation of
aryldiazonium salts without added acid, base, catalyst, or another hydrogen source. The first systematic study of
the use of DMF was by Doyle and coworkers,? who reported the aprotic diazotization of arylamines and
compared DMF with other hydrogen sources.

RESULTS AND DISCUSSION

We independently observed this reaction some years ago when aryldiazonium salts were used in place of
quaternary ammonium salts in electrochemical studies in DMF. We briefly explored the scope of this reaction.
In Table 1 are presented some of our results, which supplemented the earlier report of Lahoti, ez al.8® Our
primary focus, however, was on the mechanism of this transformation. The dediazoniation process is known to
proceed stepwise, and the intermediate may be either an aryl cation or radical.!0 Mechanistic studies are
complicated by the fact that the nature of the intermediate is determined both by the solvent and by the
substituent. Thus for a given substituent, the solvent controls the pathway. For instance, 4-
nitrobenzenediazonium fluoroborate (1) generated the aryl radical in dimethylsulfoxide (DMSO), 1 but the aryl
cation in acetonitrile.12 In both solvents benzenediazonium fluoroborate (2) gave the phenyl cation.!3
Conversely, for a given solvent, the substituent is determinative. In DMSO or acidic methanol 1 generated the
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Table 1. Reactionof ARN,+BF;~ in DMF4

RN2+BF4_ RH (%)
3-trifluoromethylphenyl 79
4-nitrophenyl 75
4-methoxyphenyl 54
4,4'-biphenyl 25
2-naphthyl 14

2 Conditions: 95 °C, 2 hours.

aryl radical, but 2 gave the phenyl cation.14 There are further subtleties related to atmosphere, complexing
agents, and co-solvents. In methanol 3- and 4-halobenzenediazonium fluoroborates generated only aryl radicals
under a nitrogen atmosphere, but also some aryl cations under an oxygen-containing atmosphere; 1 gave only
radicals under either atmosphere.14¢ Complexing agents have also altered pathways. Whereas 1 gave the aryl
cation in acetonitrile,12 it gave the aryl radical in acetonitrile containing 18-crown-6;15 the same effect was
observed in 1,2-dichloroethane.l6 The decomposition mode of 2 has been changed from heterolytic to
homolytic by the addition of pyridine.17 The pathway was even observed 1o be magnetic-field dependent. 18

Given the complexity of the above factors, mechanistic pathways must be established on a case by case
basis. We focused on 1 in DMF because the competing pathways were known for other solvents, the product
(nitrobenzene, 3) was conveniently isolated, and the solvent presented a choice of hydrogen abstraction sites.
The latter aspect was not applicable to the earlier solvent-only studies involving dioxane,> tetramethylurea,® and
HMPA.7 We initially sought evidence for a radical intermediate by chemically induced dynamic nuclear
polarization (CIDNP) studies. A solution of 1 in DMF-d7 at 50° exhibited strong CIDNP signals; but the
number and complexity of the peaks, consistent with multiple radical species, did not permit identification of
either the aryldiazenyl radical or the aryl radical. CIDNP experiments have been helpful with some systems;17¢
but such data were ambiguous in other cases, including spectra of 1 and 2.19

The nature of the intermediate has most often been deduced by adding substituted benzenes (CgHsY ) to the
reaction mixture and determining the substitution patterns of the derived biphenyls.11-13.15 That method was
applied to the decomposition of 1 in DMF containing anisole or nitrobenzene. The results are presented in Table
2, in which the product ratio of the CcH4NO2 substituent meta or para to Y reflected the nature of the arylating
species. The results, very similar to those reported by Kamigata, ef al.,12 were consistent only with a 4-
nitrophenyl radical intermediate (4). Particularly informative was the arylation of nitrobenzene (#m/p 0.17). The
data also indicated no temperature or atmospheric effects.11a.14¢

Another probe for aryl radical intermediates has been transiodination.3-11b:20 From the decomposition of 1
in DMF containing iodobenzene, 4-nitroiodobenzene was isolated. The product, which could arise only from 4,
was noteworthy despite the minor yield (10%) because the major product (3) is known to inhibit transiodination
even in small amounts.2! These results confirm the trapping experiments reported by Wassmundt and
Kiesman.3
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Table 2. Reactions of 1 with C¢HsY in DMF

-G

Y Temp., Atmos- Yield, 2-Y 3-Y 4Y m/ip
°C phere %
OCH3 60 air 36 74 10 15 0.67
OCH3 60 argon 26 76 9 15 0.60
OCH3 80 argon 31 78 9 13 0.69
NGO, 60 argon 7 66 5 29 0.17

Thus it appeared conclusive that 1 in DMF underwent homolysis to produce aryl radical 4; but, before
charting a pathway, a side product needed to be identified. Analysis of the crude product mixture by GC/MS
revealed a minor component (ca. 10%) with a molecular ion (m/z 194) consistent with N,N-dimethyl-4-
nitrobenzamide. However upon isolation the compound, despite its mass and nmr (methyl singlets at 8 3.28 and
3.60 ppm) spectra, was identified as 1-(4-nitrophenyl)-3,3-dimethyltriazene (5) by independent synthesis. This
minor product implied the intermediacy of the 4-nitrophenyldiazenyl radical (6). The ease of the latter's
formation was confirmed by voltammetric measurements. Polarographic reduction of 1 occurred readily with
Ep2 =+0.04 v (vs. Ag/Ag*); oxidation of DMF occurred with Ep = +2.05 v. Comparable data have been
reported for 4-chlorobenzenediazonium fluoroborate and HMPA.7

Since DMF provided two hydrogen donor sites, deuterium labeling experiments were undertaken. Prior
studies involving deuteride reagents and deuterated methanol established that homolytic protodediazoniation
proceeded by hydrogen abstraction from the methyl group of methanol.14¢.22 For a closely related system, the
aprotic diazotization of anilines with alkyl nitrites, Doyle, er al.? studied dual reagent mixtures of
PhCD>ONO/CH3CN and PhCHONO/CD3CN; the arene product derived hydrogens from both sources. In
DMF, however, the same authors found that RNH7 with PhACD,ONO/DMF and PhCH2ONO/DMF/D,0 gave

only ARH. They suggested that hydrogen transfer occurred primarily from the N-methyl group of DMF. That

DMF was the sole source of hydrogen was confirmed by Wassmundt and Kiesman for the FeSOj4-catalyzed
decomposition of 2,4-dinitrobenzenediazonium fluoroborate in DMF-d7/H20.3 Both sites in DMF must be
considered, since hydrogen transfer has been shown to occur from the N-methyl groups of tetramethylurea and
N,N-dimethylacetamide3 and from the formyl group of formamide.?3

The decomposition of 1 in deuterated DMF gave the results presented in Table 3. The outcome in DMF-d7
for these uncatalyzed reactions was the same as for FeSOy catalysis® and confirmed the absence of any
extraneous source of hydrogen. In the conversion of 1 to 3 hydrogen transfer thus occurred from both sites.
Comparable duality for DMF has also been observed with radicals generated from peroxides, although the
regioselectivities differed.24.25 In the present case the product of the kinetic isotope effects, derived from the
ratios of 3 and 3-d from DMF-d; and DMF-dg, was calculated to be 36. Hess and Durant have found that the
kinetic isotope effect is dependent on the exothermicity of the reaction.26 The exothermicities of 4 — 3 via H
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Table 3. Product Ratios from 1 in Deuterated DMF2

DMF AR—H AR—D

3 3-4d,
H-CO-N(CH3)2 100 0
D—-CO-N(CHa3)2 91 9
H-CO-N(CD3)2 78 22
D-CO-N(CD3), 0 100

a
R - 4-nitrophenyl

atom abstraction from methyl or formyl were estimated to be 80 and 81 kcal/mole based on bond energies of 112
kcal/mole for MR—H27 and 31.9 and 30.7 kcal/mole for methyl C-H and formyl C-H, respectively, in the
DMF radical cation (Table 4). Given the comparable exothermicity of either pathway, we expect the two kinetic
isotope effects (KIE) to be approximately equal and therefore ky/kp = 6 for the homolysis of either the methyl or
formyl C-H bond. Our KIE data, in conjunction with the observed regioselectivities normalized on a per
hydrogen basis, corresponded to a 3.5:1.0 ratio for formyl:methy] sites. The preference for formyl H abstraction
was consistent with our calculated bond energies.

Table 4. Calculated Bond Strengths?

Method
Bond DFT G2(MP2)
H-CO-N(CH3)CH-H 89.1 94.1
H-CO-N(CHs)2 89.7 94.1
[H-CO-N(CH3)CH»-H]"* a1.7 31.9
[H-CO-N(CHs)p]™* 39.0 30.7

4 Dg (0° K) in kcal/mole.



Protodediazoniation of aryldiazonium fluoroborates 10013

Scheme 1

,R—KJEN + H—CO—NMey
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The pathways in Scheme 1 account for the radical intermediates, isotope effects, and product structures.
The first step is considered to be an outer-shell electron transfer?8 10 generate aryldiazenyl radical 6 as part of a
cation radical pair, which dediazoniates via kj to aryl radical 4 and rearranges via k3 to triazene 5§ with
concomitant loss of CO and H*. The abstraction of a H atom from DMF* by 4 is shown as a single step, buta
chain mechanism is also a possibility at this stage. The latter pathway was clearly established for DMF with
FeSOy catalysis and was considered likely as well for the uncatalyzed reaction.3 The higher yields of triazenes 5
and 5-dg correlated with those solvents (DMF and DMF-dg) with a formyl protium, while the lower yields of §
and §-dg were obtained in DMF-d; and DMF-d7 which possessed a formyl deuterium (Table 5). Because kp >>
k3 the 5:5-dg ratios, which can be derived from Table 5, should be equal and lead to an estimate of kyy/kp= 5+1
for k3. Triazene formation must be concerted to exhibit the observed KIE. The pathway can involve either an
outer-shell electron transfer to form a cation radical pair or an inner-shell electron transfer to form diazo ether 7.

MeoN H
T
7

o e
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Table 5. Yields (%) of Triazenes in Deuterated DMF4

DME AR—N=N—N(CH3), R—N=N—N(CD3)
5 5-de
H-CO-N(CH3)2 10 0
D-CO-N(CHs)2 1.9 0
H-CO-N(CD3); 0 11
D-CO-N(CD3)2 0 2.6

a R = 4-nitrophenyl
The latter could undergo homolysis via k2 to 4 and collapse via k3 in a four-center reaction to 5. Such diazo
ether intermediates have been considered by others;3.7.11 but the empirical data of Doyle, et al.,28 support the
outer-shell process, and that route is shown in Scheme 1. When 3 is produced by hydrogen atom transfer from
the DMF cation radical, species 8 and 9 are generated. These cations are known to give solvent-derived products
during electrolysis,29 but no attempt was made in the present work to detect such products upon work up.

COMPUTATIONS

All calculations were performed using the Gaussian 92 or Gaussian 94 program suite.30 Density
Functional Theory (DFT) calculations were performed using the Gaussian implementations for the Becke half-
and-half/Lee, Yang and Parr (BH&HLYP) functional 3132 The 6-311G(d,p) basis set was used, which has
been shown to give accurate energetics with BH&HLYP functionals for transition states. The performance of
Gaussian's implementation of the BH&HLY P functional for stable species is less well documented.33 We have
calculated optimized structures, vibrational frequencies, and energies for H~CO-N(CH3)2, H-CO-
N(CH3)CH2*, and *CO-N(CH3)2 and for the cation radicals using DFT with the BH&HLYP functional. The
derived bond strengths are listed in Table 4. As a check on the accuracy of the DFT calculations a number of
G2(MP2) calculations were carried out by standard methodology.34 The latter method utilizes perturbation
theory to refine Hartree-Fock self consistent-field results and represents an independent route for electonic
structure calculations. G2(MP2) has been extensively tested and found to have an absolute average deviation of
1.6 kcal/mole for heats of atomization of 125 diatomic, triatomic, and tetratomic species. The relative bond
strengths calculated by the two approaches were in good agreement, although the overall strengths of the bonds
were 5-10 kcal/mole higher in the DFT calculations. This difference appears to result largely from differences in
the treatment of the DMF and DMF* species, which had markedly different geometries for the two methods. In
contrast, the geometries of the other species were relatively constant between the two approaches. The bond
strengths for the methyl and formyl C-H bonds in DMF were virtually identical. For the same bonds in the
DMF radical cation, however, the formyl C~H bond was 1.2 kcal/mole less than the methyl C—H and both were
much lower than the corresponding values for DMF. The geometries allowed considerable charge delocalization.
In cation 8 all the heavy atoms were coplanar, as were the formyl and methylene hydrogens. In cation9 all the
heavy atoms were again coplanar, with the OCN moiety being linear.
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EXPERIMENTAL SECTION

Methods. NMR !H were obtained in CDCl3 on a Brucker WP-200SY spectrometer; chemical shifts are
reported in ppm downfield relative to tetramethylsilane. Products reported in Table 1 were identified by GC
comparison with authentic samples on a Perkin-Elmer 154 B instrument with a 20% Carbowax 1500 on 60/80
Chromosorb W column (1/4-inch x 6-ft s.s.) Analyses reported in Tables 2, 3, and 5 were performed on a
Hewlett-Packard 589011 gas chromatograph with a HP-1 crosslinked methyl silicone gum column (12 m x 200
pm with 33 um film) and a Hewlett-Packard 5971A mass spectrometer (EI, 70 eV); yields were quantified by an
internal standard and were corrected for detector response with authentic samples. ‘Polarographic and linear
sweep voltammetric measurements were carried out as previously described.35

Materials. Aryl amines were distilled in vacuo or recrystallized immediately prior to use. Aryldiazonium
fluoroborates were prepared and purified by published procedures.!4¢36  Authentic samples of
methoxynitrobiphenyls (Table 2) were obtained from N. Kamigata and M. Kobayashi.12 Authentic samples of
dinitrobiphenyls (Table 2), and triazene 5 were prepared by literature methods.3738 DMF was distilled in vacuo
and stored under nitrogen over 4A molecular sieves; GC/MS analysis indicated the absence of dimethylamine.
Deuterated DMF compounds were obtained from Merck, Sharp & Dohme (Canada) and were 98-99.5%
isotopically-enriched.

Preparative-Scale Dediazoniations. A solution of aryldiazonium fluoroborate (0.050 mol) in DMF
(100 mL) was warmed from room temperature to 100 “C over 2 h, cooled, diluted with water, and the product
was isolated by extraction or suction filtration. Results are presented in Table 1.

Dediazoniations in the Presence of Added Arenes. A solution of 1 (0.0237 g, 0.100 mmol) and
arene (5.00 mmol) in DMF (1.3 mL) was thermostatted at 60 "C under an atmosphere of air or argon for 40
min., cooled, diluted with water, and extracted with CH2Cla. The combined CH,Clp extract was washed, dried,
concentrated at reduced pressure, and analyzed by quantitative GC with butyl benzoate as an internal standard.
Results are presented in Table 2; the data represent triplicate runs (yields + 2.6%; product ratios + 0.7%).

In duplicate runs on the same scale the reaction of 1 (0.021 g, 0.089 mmol) and iodobenzene (0.904 g,
0.443 mmol) in DMF (1.3 mL) at 60 °C under argon for 40 min. gave 1-iodo-4-nitrobenzene (10.4 £ 0.2%). A
third run with 1 (0.089 mmol) and iodobenzene (1.772 mmol) gave the same product (10.1%).

Dediazoniations in Deuterated DMF. In a similar manner a solution of 1 (0.016 g, 0.067 mmol) in
DMF-d] (1.0 mL)) was thermostatted at 60 °C under argon for 40 min. Identical runs were conducted in DMF-dg
and DMF-d7. Standard work-up and analysis gave the results in Tables 3 and 5; the data represent duplicate runs
(+ 0.3%).
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