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Abstract: Bond dissociation enthalpies (BDEs) of a large series of aliphatic amines (21) were measured
by means of photoacoustic calorimetry. Despite the different structures studied in the primary, secondary,
and tertiary amine series, the o(C—H) BDEs were found to be very similar for unconstrained amines with
values very close to 91 kcal/mol. aC- and N-alkylation or introduction of an hydroxy group only slightly
affect the BDEs, a fact in perfect agreement with calculations performed at different CBS levels. This
demonstrates the predominance of the two-orbital—three-electron interaction involving the N and o.C* orbitals.
On the other hand, the N—H BDE decreases when going from primary to secondary amines. This result is
interpreted in term of a hyperconjugation in cC—C bonds, which leads to a stabilization of the aminyl radical.
For cyclized amines, the BDEs depend on the relative geometry of the singly occupied oC* orbital with
respect to that of the N atom, disfavoring the two-orbital—three-electron interaction. However, such structures
can exhibit through-bond interaction. For a crowded structure such as triisopropylamine, for which the aC*
orbital is not coplanar with the nitrogen one, the relaxation of a strain energy allows the BDE to be
comparable to flexible structures.
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The determination of bond dissociation enthalpies (BDES)
of amines has been the subject of intensive experimental and
theoretical studies. However, important debates have arisen from mJ - pri, |
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the large degree of uncertainty associated with reported val- P 7
ues: an overview of the range of BDEs, even for the simplest
amines, is reported in ref 1. For exampl¢C—H) BDEs of 84

and 94 kcal/mol, respectively, have been determined for the
compounds M&NCH,—H and HNCH,—H:2 these reported Figure 1. Typical experimental setup for photoacoustic calorimetry.
values can be compared to the results of a previous Stwttich
were respectively about 887 and 88-89 kcal/mol. Moreover,
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change of the BDE with the molecular structure. This paper

an important question remains about the effect of the C- and extends, in a systematic manner, previous PAC studies per-

i i ,5,10-13 i i
N-alkylation on theo(C—H) BDE, which has been noted to be formed in the Ilteraturé. . The res.ults obtained will be
surprisingly large in ref 2 and ref 4 but very weak in ref 5. presented together with an interpretation of the BDE changes
associated with the structures. All these results are clearly

supported by the predicted BDEs calculated by highly accurate
ab initio methods.

Therefore, the results available in the literature do not strongly

consolidate our knowledge about BDEs of aliphatic amines.
The aim of this paper is to determine accurately the BDEs

of a large variety of amine structures, by using photoacoustic Experimental Section

calorimetry (PAC). Thi?’ te_chnique has been S_hown to be very The experimental setup for the PAC is shown in Figure 1. A

powerful for the determination of thermodynamic pargmél’.érs nanosecond Nd:YAG laser (Powerlite 9010, Continuum) operating at

and therefore can be very helpful to get more insight in the 10 Hz with an energy decreased down to 7 mJ/pulse at 355 nm was
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used as the excitation laser. A built-in seeder system improved the All these compounds, including 2,2,6,6-tetramethylpiperidine (TMP),
Gaussian shape of the laser beam. As a very low energy was requiredwere distilled and stored under argon except 1-azabicyclo[2.2.2]octane
a solution of 2-hydroxybenzophenone (BPOH) in acetonitrile was used (ABCO) and 1,4-diazabicyclo[2.2.2]Joctane (DABCO), which were
as a chemical attenuator to obtain an incident pulse energy rangingsublimated. Triisopropylamine and 5-ethyl-1-aza-3,7-dioxabicyclo-
from 0.5 to 10QuJ. The attenuated beam irradiated a 1-cm cell equipped [3.3.0]octane (EADBO) were used without further purification.
with a piezoelectric detector (Panametrics A609S 5 MHz or A603S 1  PAC Determination of BDE. (a) General Description of PAC.
MHz) through a 200- or 50@m pinhole. The signals were amplified  PAC is based on the detection of acoustic waves associated with the
10 times (Ortec 9301) and fed into a transient digitizer (Tektronix 3052). heat released in the medium after light absorption. This technique has
The optical density of the samples was adjusted@ at the excitation been shown to provide important kinetic and thermodynamic informa-
wavelength. BPOH was used as standard. Oxygen was removed bytion on the deactivation of transient specié$indeed, photophysical
bubbling argon for 15 min. deactivations occurring through nonradiative processes and exothermic
The time-resolved absorption spectroscopy (TRAS) setup is basedphotochemical reactions both release heat in the media. This conversion
on the Nd:Yag laser already described above. This system (LP900, of light into heat causes a temperature jump associated to a variation
Edinburgh Instruments) used a 450-W pulsed xenon arc lamp, a Czerny-of pressureAP, leading to the propagation of acoustic waves. The heat
Turner monochromator, a fast photomultiplier, and a transient digitizer deposition can be considered as “fast” or “slow” depending on the
(TDS 340, Tektronix). The instrumental response was 7 ns. following: (a) the time evolution of the chemical system, (b) the time
Solvents were spectroscopic grade and were used without furtherwidth of the excitation pulse (typically-710 ns), (c) the time response
purification. The different amines studied are represented in Chart 1. of the detection equipment, and (d) the geometrical arrangement of

(13) Clark, K. B.; Wayner, D. D. M.; Demirdji, S. H.; Koch, T. H. Am. Chem. (14) Braslavsky, S. E.; Heihoff, K. lidandbook of Organic Photochemistry
S0c.1993 115 2447. Scaiano, J. C., Ed.; CRC Press: Boca Raton, FL, 1989; Vol. 1, p 327.
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the experimental setu.Therefore, the experimental conditions have 7
been adapted in order to consider that either the heat evolving from 0.004 a)
photophysical deactivation from upper excited states and from hydrogen
abstraction reaction is detected as fast or the heat evolving from further
radical recombination or secondary reactions is considered as slow, 0.002
i.e., is not detected. The amplitude of the acoustic signal, which is
proportional toAP and related to the fast heat releas€d.d), can be

described as 0.000 |

voltage (mV)

Sr.= KaE,, (1-107%) (1) 0,002

whereK accounts for the thermoelastic parameters as well as for the E
experimental sensitivityy is the fraction of the absorbed energy that -0.004 . 2 2 . P
is released as heat in the time window of the detection s&js the 0 2 4 6 8 10
energy of the incident light, and the quantity-(10~*) is the fraction .
of light absorbed. A typical signal is shown in Figure 2a. The instrument time ( ps)
was calibrated using BPOH, which is known to release the whole 300

1 b)

excitation energy in the solution in less than 1 ns and, therefore, can
be used as a calorimetric refererickloreover, to avoid biphotonic
processes, photothermal experiments are performed at very low pump 250
intensity, and for every experiment performef,s is deduced by
extrapolation at zero pump intensity (see, for example, Figure 2b).
(b) Application for the Determination of BDE. PAC experiments
have already been used to determine BDEs of amines by measuring
heat of reaction withert-butoxyl radical ¢-BuC).1%12 However, it is
more convenient to use the triplet state of benzophenone (BP) for which
the well-known reaction of a hydrogen abstraction from an amine (AH)
leads to the aminoalkyl radical formation *JA

200 4 "

SFast (kJ/mol)

150

BP+ AH — BPH + A" @) 100 A

<

The advantages of using benzophenone to determine the BDEs have Fraction (%) of incident energy
been_recently pointed duand can be summarized as follows: (i) the Figure 2. (a) Typical photoacoustic signal and (b) extrapolatioSagat
reaction proceeds through an ultrafast electron transfer/proton transfer,;erg energy for the systefBP/propylamine in benzene.
and the heat of reaction corresponding to a net hydrogen transfer is
deposited within the time response of the experimental setup, (i) the \yith that determined in ref 16. On the other hand, the same enthalpy
quantum yields in ketyl radical can be easily quantified by TRAS 4t reaction foBP with benzhydrol in acetonitrile and benzene indicates
allowing accurate measurements of BDEs, and (iii) no volume hatAH, (BP)= —5.21 kcal/mal can be used in both solvents. Finally,
correction is needed in contrast to the method using ttBeiO AHr (H*) was taken as 52.1 kcal/m®4’ the enthalpy of solvation of
radical*'! The quenching of the BP triplet state by an amine leads to e hydrogen atom in benzene and acetonitrile being the $ame.
the formation of long-lived radicals for which are associated different Computational Methodology. Very efficient methods have been
enthalpies of formation compared to that of the reactants. If this reaction developed in the literature to predict accurately the thermochemical
is car_ried OUF at a s_ufficie_ntly high ami_ne_ conce_ntrati(_nn, the heat properties of the reaction. In a recent article, from the degree of
assom_ated with reaction 2 is releas_ed within the tlme window of the uncertainty associated with BDE values previously reported, the authors
detection setup. The energy stored into the radicals is eqyaldas concluded that one may plausibly argue that the best available values
Wher?‘i”a“ repr(_esents the q‘%a”tum yield in produced radu_:alslimd are probably those derived from recent high level ab initio calculations.
the difference in the formation enthalpy between the radicals and the Beyond their high accuracy, one of the other advantages of these
reactants. With respect to reaction 2, the BDE can be calculated o, is the possibility to determine for a primary or secondary amine
according to the o(C—H) and N—H BDEs independently. This potentiality is very
interesting because this experimental differentiation is nearly impossible.
All guantum calculations were carried out using the Gaussian 98
suite of program&® The CBS-4M and CBS-Q Complete Basis Set
methods have been used. The most accuratél @nd N—H bond
dissociation enthalpies were derived from heats of isodesmic reactions.

E,.q = AH{(BPH) — AH;(BP) + BDE(AH) — AH;(H") (3)

The experimental determination ¢fag and Srastfor a given system
allows the determination dfaq by the following energy balance:

Eoa= (W — Sa0/6h,u ) With this method, the error in the calculated BDE is partially
Ta asl ra
; ; . (17) NIST Standard Reference Database 69. Release February 2000.
The enthalpies of formatioAHy(BPH), AH{(BP), andAH((H") must (18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.. Robb, M.
be known in a given solvenAH{(BPH') is determined by PAC in A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

acetonitrile and benzene by measuring the enthalpy of reaction of the ~ R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
b h iol ith b hvdrol di d K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
enzophenone triplet state with benzhydrol according to a procedure R.: Mennucci, B.: Pomelli, C.: Adamo, C.; Clifford, S.; Ochterski, J.:

described in the literaturé. Similar values were obtained in both Petbersion, G. A, Aﬁ/ala, E. Y.; Cui, Q.; Morokuma, K.;IMalilgk, D. K.;

; ; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
solvents withAH¢ (BPH) equal to 7.6 kcal/mol, in good agreement J.V.: Stefanov, B. B.: Liu, G.: Liashenko, A. Piskorz. P.. Komaromi, |.
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,

(15) Arnaut, L. G.; Caldwell, R. A.; Elbert, J. E.; Melton, L. Rev. Sci. Instrum. C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
1992 63, 5381. Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

(16) Arnaut, L. G.; Caldwell, R. AJ. Photochem. Photobiol. A: Chert992 M.; Replogle, E. S.; Pople, J. ASaussian 98revision A.11; Gaussian,
65, 15. Inc.: Pittsburgh, PA, 1998.
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Table 1. Quenching Rate Constants kq, Ketyl Radical Quantum Yields ¢a¢ and Experimental BDEs for the Amines Studied

acetonitrile benzene
kq BDE kg BDE
amine bond (10°L mol~ts™Y) Prad (kcal/mol)2 (10°L mol~ts™Y) Prad (kcal/mol)?
propylamine b 0.25 0.91 93.1 0.25 0.87 91
butylamine b 0.3 0.93 94
pentylamine b 0.3 0.91 95.5 0.3 0.87 90.5
ethanolamine b 0.25 0.86 90.7
tert-butylamine N-H 0.09 0.92 93.3 0.06 0.8 95
diethylamine b 4 0.92 88.6 4 0.71 87
dibutylamine b 3.5 0.9 88.9 35 0.68 90.8
dipentylamine b 3.5 0.92 91.9
morpholine b 3 0.92 92 (92.9,91—949)
TMP N—H 15 0.27 87.8
triethylamine o(C—H) 3 0.94 91.2 3.1 0.95 91.2 (91.05
tripropylamine a(C—H) 3.5 0.92 89 3.2 0.95 90
tributylamine a(C—H) 3.7 0.93 89.5 (91.0%
triisobutylamine o(C—H) 3.1 0.92 92.8
methyldiethanolamine a(C—H) 2.5 0.92 87.1
triethanolamine a(C—H) 2 0.89 90.8
triisopropanolamine o(C—H) 1.6 0.94 93 1 0.95 90.8
triisopropylamine a(C—H) 4.5 0.95 92.5
EADBO o(C—H) 0.05 0.94 89 0.05 0.94 89.3
ABCO o(C—H) 0.12 0.60 96.2
DABCO o(C—H) 4.5 0.62 93.8 (99

aExperimental error~2 kcal/mol, unless stated otherwideFor primary and secondary amines, the BDEs gathered in this table represent in fact the
BDEs of a(C—H) and N—-H weighted by their importance in hydrogen abstraction process (see‘tR®ejerence 59 Reference 11¢ Reference 21f Value
used as reference in benzene (see t@fue to a lowerpaq value, experimental error4 kcal/mol.

counterbalanced by the error made in the calculation of the referencenonpolar solvent (very close to 91 kcal/mol), corroborates the

molecule. For thex(C—H) BDE, the isodesmic reaction was taken as

A—H + HOCH,”— A"+ HOCH,—H (5)
and for N-H BDE
A—H+ NH,”—A*+ NH,—H (6)

The heat of reaction 5 or 6 is evaluated from ab initio calculations,
and the BDE of the amine (AH) can be deduced from
BDE (A—H) = BDE (R—H) + AHs)0r6) ©)

R being NH* and CH'OH in the case of NH and C-H bond

assumption of a similar BDE in both solvents, which allows
the determination of a reference valuedgfy = 0.95 for this
system in benzene.

The experimental BDE results obtained for amines repre-
sented in Chart 1 are gathered in Table 1 together with some
recent values from the literature and measured with the same
technique. A good agreement is found with the most recent BDE
estimations available. For example, the morpholine BDE value
was found equal to 92.0 kcal/mol, very close to the value of 91
kcal/mol recently reevaluated at 94 kcal/miblor triethylamine
and tributylamine, a very good agreement is observed with
differences lower than 2 kcal/méP, which correspond to our

cleavage, respectively. The well-established and recommended BDEEXPerimental error. Moreover, the triethylamine value is con-

values of 96 kcal/mol for(C—H) BDE for methandl and 107 kcal/
mol for ammoniat® were used.

Results

The values ofr,g Were obtained through TRAS in acetonitrile
by using the values of the extinction coefficients of the BP triplet
state and the ketyl radical already found in the literaf8@nly
systems exhibitingsrag higher than 0.9 have been studied in
this solvent in order to avoid any error arising from competitive

reactions such as electron transfer. It is indeed the case with

triisopropylamine or DABCO, for which the experiments have

been performed in benzene in order to prevent free ion

formation. In this solventgaq has been determined by com-

parison of the ketyl absorption for the studied amine with that

obtained forPBP/triethylamine. For this reference system, very
similar Seast values of 130 and 132 kJ/mol are obtained in

benzene and acetonitrile, respectively. This fact, connected with

the well-known o(C—H) BDE value for triethylaming® in

(19) Elford, P. E.; Roberts, B. B. Chem. Soc., Perkin Trans.139§ 1413.
(20) Miyasaka, H.; Morita, K.; Mataga, NBull. Chem. Soc. Jpr199Q 63, 3386.
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firmed by our previous stud} carried out with an another
photothermal technique (thermal lensing spectroscopy) by which
a BDE of 91.5 kcal/mol has been determined. Another com-
parison can be made for DABCO: tlo€C—H) BDE value of
93.8 kcal/mol is quite similar to that recently reported (93 kcal/
mol?Y) from thermodynamic cycles.

All these comparisons with previous work give confidence
to the method used, allowing a systematic study of the effect
of the amine structure on the BDEs. Experimental BDEs
determined in benzene are supposed to be very close to the gas-
phase valué? and therefore can be directly compared to the
ones predicted. Moreover, it can be noted that the BDEs
determined in both solvents are very close, within an experi-
mental error of~2 kcal/mol. This indicates that the enthalpies
of solvation of the aminoalkyl radical and the amine are similar
in acetonitrile. For sake of comparison, ab initio calculations
were performed to independently estimate the BDEs, and the
results obtained are gathered in Table 2. Footf—H) BDES,

a very good agreement is found, as exemplified by the

(21) Zheng, Z. R.; Evans, D. H.; Nelsen, S.J-.Org. Chem200Q 65, 1793.
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Table 2. Calculated BDEs of Amines at Different CBS Levels group to stabilize the radical by hyperconjugation resulting from
amine bond CBS-4M CBS-Q the interaction of the unpaired electron with a localiz€z-H
methylamine N-H 100.3 98.9 (99.9) molecular orbitaP® This stabilization by hyperconjugation on
a(C—H) 92.3 92.6 the C-H bonds can be estimated by the difference in BDE
ethylamine N-H 100.8 99.4 between CHNH, and (CH),NH, ~8 kcal/mol.
propylamine “(C,\;:) 1?&'1 oL5 Two amine_s studied ir_1 t_h_is papdae,rt—butylamine _an_d TMP,
a(C—H) 91.3 do not exhibit any possibility for a(C—H) dissociation and
tert-butylamine N-H 101 100.5 therefore can be used to probe this effect on more substituted
dimethylamine N-H 95.4 93.9 compounds. A noticeable decrease of 7.4 kcal/mol of the
_ _ o(C—H) 917 92.1 experimental bond strength when going from primary to
diethylamine a(c'\t:) gg'g g?'g secondary amines can be observed in benzene (Table 1): the
T™MP N—H 959 ' BDE of tert-butylamine, a typical primary amine, was found in
trimethylamine a(C—H) 91.6 92.1 benzene at 95 kcal/mol, while for the secondary amine TMP,
triethylamine a(C—H) 91.7 BDE is 87.6 kcal/mol. This effect is first confirmed by CBS-
triethanolamine o(C—H) 92.4 4M calculations that predict a decrease of 5.1 kcal/mol eHN
igggo Zgg::; g%:g BDE betweertert-butylamine and TMP (Table 2). Singert-
DABCO o(C—H) 97.1 butylamine and TMP do not contain anyC—H bonds,
triisopropylamine a(C—H) 91.7 hyperconjugation can only result from stabilization with the MO
. ] based on theC—C, in contrast with the series cited above @NH
BDE value determined at the G2 level (see text). CHsNH,, (CHa),NH).

Therefore, these results clearly demonstrate that thédN
bond strength decreases from the primary to the secondary
amines and that the stabilization by-C hyperconjugation (7.4
kcal/mol) is close to that obtained by—® conjugation 8
kcal/mol).

experimental BDE for triethylamine (91.2 kcal/mol), very close
to the predicted value (91.7 kcal/mol) obtained at the CBS-4M
level. However, for N-H BDEs, CBS-4M results are found
~6—7 kcal/mol higher than the experimental values (&
butylamine and TMP). At the CBS-Q level, the predicted .
BDEs decrease by 1—2 kcal/mol compared to the CBS-4M Effect _Of C-Alkylation on o(C—H) BDEs. The.effect of
level. However, this slight decrease is not sufficient enough to C-alkylatlgn on thm(Q—H) BD.E values can be. d|sc!osed by
account for the lower experimental BDEs measured by PAC. th_e investigation of tr|aIkyIam|ne_s. The following discussion
The difference is not clearly understood, but it can be reasonanyW_III take adyantage of the experimental BDE megsurement of
supposed that the experimental-N BDEs are slightly trimethylamine, measured by PAC and recently revised (91 kcal/

underestimated. This fact may originate from a more important P’]ol)}lvllljclomparinghthis va;:ue gith;h%ssg btalined in th?s(;/vork
experimental error induced by lowef,q values for tert- or trialkylamines s OWSt. at(C—H) values are inde-
butylamine and TMP. pendent of the alkyl chain length. For example, trimethyl-,

triethyl-, tripropyl-, tributyl-, and triisobutylamine have similar
bond strengths. This is confirmed by CBS calculations, which
show thata(C—H) BDEs of unconstrained trialkylamines are
A glance at the literature shows that the BDEs values of calculated to be~91.5 kcal/mol (Table 2). These results are
aliphatic amines are rather scarce and exhibit a large degree otlearly in contrast with previous studfeBut agree very well
variability, although some reliable experimental values appearedwith a recent work based on a few sets of compotinds.
very recently for some compouné8In addition, the fact that Moreover, at the G2(MP2) level, methylamine, ethylamine, and
the hydrogen can be abstracted from both the N and C centerisopropylamine have been reported with the same BDE of 92.7,
for primary and secondary amirfés?® rendered particularly ~ 91.7, and 92.7 kcal/mol, respectively. The lack of any effect of
tricky any discussion on the effect of substitution on bothHN C-alkylation sharply contrasts with the behavior of alkanes
and C-H BDEs. From the large number of molecules studied exhibiting a significant decrease of-& BDE in the primary,
in this paper, some of these points can be examined in moresecondary, and tertiary seri&sThe presencefca N atom in
detail. the a. position drastically modifies the properties of radicals
Effect of N-Alkylation on the N—H BDEs. Very few values involving conjugative electron delocalization between the N lone
of N—H BDE were available from the literature. From the pair and the orbital of the unpaired electron.
experimental values gathered in ref 2, it is generally accepted When hydroxy groups are introduced on alkyl chains, a very
that the BDEs decrease with increasing the N-alkylation: BDE- slight effect of the oxygen atom at tifeposition can be found
(H2N—H) = 107 kcal/mol, BDE(CHHN—H) = 100 kcal/mol, on the BDE. For example, comparison of triethyl-, triethanol-,
and BDE((CH),N—H) = 92 kcal/mol. For these compounds, and triisopropanolamine shows that the experimental BDEs are
the decrease of the BDE is attributed to the ability of the methyl affected by less than 2 kcal/mol. This finding is clearly
confirmed by the calculated BDEs (Table 2).

Discussion

(22) Inbar, S.; Linschitz, H.; Cohen, S. G.Am. Chem. S0d981, 103 1048.

(23) Stone, P. G.; Cohen, S. G. Phys. Chem1981, 85, 1719. The very S|Ight effect of the C-alkylation was Clearly
ran, A. S.; Griller, DJ. : - L evidenced and leads to values close 1o cal/mol 1or
(24) Nazran, A. S.; Griller, DJ. Am. Chem. S0d.983 105, 1970 d d d leads to BDE val | to 91 kcal/mol fi
(25) Lewis, F. D.; Zebrowski, B. E.; Correa, P. E. Am. Chem. Sod 984 . . . .
106, 187. o(C—H) bonds of trialkylamines. The introduction of an
(26) Khan, J.; Cohen, S. G. Org. Chem199], 56, 938. hydroxy group leads to the same conclusion.

(27) Pischel, U.; Nau, W. MJ. Phys. Org. Chen200Q 13, 640.

(28) Pischel, U.; Nau, W. MJ. Am. Chem. So@001, 123 9727.

(29) Abuin, E. B.; Encina, M. V,; Lissi, E. A.; Scaiano, J. &.Chem. Soc., (30) Ingold, K. U.; Wright, J. SJ. Chem. Educ200Q 77, 1062.
Faraday Trans. 11975 71, 1221. (31) Castelhano, A. L.; Griller, DJ. Am. Chem. S0d.982 104, 3655.
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Scheme 1
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N—H versus C-H Hydrogen Abstraction. Studies of the a(C—H) abstraction is assumed to be the most important
hydrogen abstraction reactions from primary or secondary process and assuming that the-N BDE of TMP is representa-
amines have often dealt with the nature of the atom (IO} tive of all those of secondary amines, one can conclude that
where the hydrogen is abstrac&d?%2° For example, the  the a(C—H) BDEs of secondary amines are close to the
reaction oftert-butoxyl radicals with dialkylamine can lead to  experimental ones, i.exy91 kcal/mol. By applying a similar
both aminyl and aminoalkyl radic&fswith a predominant procedure for the primary amines, one can deduce that the
abstraction from the carbon atom. For triplet ketones, the a(C—H) BDEs for primary amines range between 91 and 94
possibility of a N-H abstraction has been evideng&t$2526.29 kcal/mol in acetonitrile. In benzene, a value of 91 kcal/mol
with a conclusion similar to that farBuO radicals. Thisremark  seems more appropriate, although no explanation can be given
can be tentatively illustrated by lower rate constants of interac- at the moment for the difference in BDEs observed in both
tion between the triplet state of benzophenone and TMeror solvents.
butylamine, which correspond respectively to about one-third  Primary, secondary, and tertiary amines exhi{C—H)
and one-fifth of the quenching rate constants observed with BDEs close to N-H BDEs (~91 kcal/mol). This renders
secondary or primary amines possessing both the possibility ofimpossible the determination of the relative fraction of N or C
a N—H anda(C—H) hydrogen abstraction. However, itis well  hydrogen abstraction by PAC. The consequence of such a
known that these rate constants of interaction represent the firstproperty will now be discussed in detail.
step of hydrogen transfer corresponding to the electron-transfer  Effect of N-Alkylation on the o(C—H) BDE of Amines.
reaction between benzophenone and amine (Scheme 1). In thisthe consequence of N-alkylation on théC—H) BDE was the
case, the direct measurement of the fraction of hydrogen subject of debate and controversy for two decdefes® This
abstraction from N or C by the corresponding ratio of the effect was noticed in former experimental studiesHowever,
quenching rate constant (as teBuO %) does not seem valid.  this was not supported by a recent theoretical and PAC
Therefore, on this basis, the value of the quenching rate jnvestigatior? Unfortunately, this latter work assumed that only

constants does not allow one to discriminate theHNand C-H C—H hydrogen abstraction lyBuO" took place and therefore
abstraction even if the proportion of&1 abstraction is assumed  deserved some commenfsErom the last section, it has been
to be the most important as shown in previous studies. found that similar BDEs are obtained for primary, secondary,

Being aware of this problem, it appears that the BDES and tertiary amines with in all cases values near 91 kcal/mol,
gathered in Table 1 represent in fact tgC—H) and N-H regardless of the alkyl chain length. The predicted BDEs
BDEs weighted by their relative importance in the whole gathered in Table 2 clearly confirm this trend, giving confidence
mechanism of hydrogen abstraction. Therefore, for primary and to the experimentally determined valuesosgC—H) BDEs. As
secondary amines holding ar(C—H) group, the BDEs are 3 conclusion, N-alkylation does not significantly affect the BDE
related to the real NH ando(C—H) BDEs by the following  of aliphatic amines. This fact has been attributed to two

relationship: antagonist effects on the two-orbitghree-electron interaction:
BDE, .cirei= O X BDEQ(C—H) + (1 — 6) x BDE(N—H) 0] th(_e sqbstitution_by an alkyl group increases the possibI(_a
®) stabilization, reducing the energy gap between the N lone pair

orbital and the orbital{C*) of the unpaired electron, and (ii)
whereo represents the relative fraction of hydrogen abstraction on the other hand, this substitution has the effect of spreading
from theoC center. Knowing the NH BDEs (determined from  the N lone pair thereby decreasing the magnitude of the
tert-butylamine for primary amines and from TMP for secondary interaction.
amines), the relationship between the experimental BDEs and Energetics of the Two-Orbital—Three-Electron Inter-

the “intrinsic” a(C—H) BDEs of primary and secondary amines  action. The results obtained above cleared up the different
(exhibiting both N-H and o(C—H) abstraction abilities) can  effects involved in the stabilization of aminoalkyl radicals
be discussed. The measured BDEs for primary and secondaninainly occurring by conjugative electron delocalization between
amines (Table 1) are very similar to that of tertiary amines for the semioccupied and the lone pair orbitals, allowing the sharing
which only o(C—H) abstraction occurs (the mean BDE value  of glectrons between theC and N centers. From ESR exchange

is ~91 kcal/mol). At first sight, this fact can be explained as a proadening experiments, this interaction has been evaluated at
dominant hydrogen abstraction process from the carbon atom.~7 kcal/mol for different unconstrained primary amirfés.

However, the N-H BDEs are close in energy to(C—H) BDEs, However, no information is available about the magnitude of
as shown by the experimental valuesteft-butylamine and  thjs interaction for secondary or tertiary amines.

TMP compared to those of other primary and secondary amines.
Therefore, taking into account an experimental error of 2 kcal/ (32) Griller, D.; Howard, J. A.; Marriott, P. R.; Scaiano, J. £.Am. Chem.
mol, the determination of the relative fractidnof hydrogen Soc.1981 103 619.

i | . ~ (33) Maclinnes, I.; Walton, J. C.; Nonhebel, D.Z.Chem. Soc., Perkin Trans.
abstraction by PAC cannot be performed. Keeping in mind that 21987, 1789.
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Figure 3. Potential energy surface for aminoalkyl radicals of (a) trimethyl-
amine R= R = CHjs, (b) dimethylamine R= H, R = CHjs, and (c)
methylamine R= R’ = H, associated with the dihedral anglginset).
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This can be evaluated through the calculation of the potential
energy surface associated with the-l8 bond rotation at the
B3LYP/6-31+G(d) level. Three radicals were calculated, from
the starting methyl-, dimethyl- and trimethylamine molecules,
by constraining theg angle (see Figure 3) at different values.
Due to the slight pyramidalization of the N atom, the equilibrium
structure of the radical is found f@r ~20°. Increasing? leads
to a more pyramidal structure of the nitrogen atom, resulting in
af value of~120 for the orthogonal N and.C* orbitals. The

The calculated value at the CBS-4M level of 97.1 kcal/mol is
higher than that calculated for trimethylamine by 5.5 kcal/mol.
The increase of the BDE reflects a destabilization of the radical
that is related to the lack of a three-electron bond (although the
magnitude of the destabilization is less than expected on the
basis of the calculations performed on trimethylamine). There-
fore, for the DABCO radical, another kind of stabilization is
required in order to explain this relatively low BDE value.
Delocalization of the SOMO over the whole molecule occurs
with a through-bonds(C—C) stabilization of the radical. It is
particularly interesting to note that such a mechanism has always
been evidence#h37 for the DABCO cation radical. Moreover,

for a constrained molecule, the BDE is not a direct measurement
of the relative radical stability!3Indeed, the separation between
steric and electronic effects on the amine from those on the
radical is not straightforward. For DABCO, in addition to a
through-bond stabilization of the aminoalkyl radical, a strain
energy change associated with th@C—H) bond dissociation
can also participate in the stabilization of the radical.

This situation is more pronounced in the case of ABCO, a
structure very close to that of DABCO. Compared to DABCO,
an increase of 0.8 kcal/mol in the BDE was predicted from CBS-
4M calculations, and a BDE of 2.4 kcal/mol higher than that of
DABCO was measured in benzene. This is in line with an
expected decrease of the through-bond interaction, due to the
lack of a second nitrogen that can participate in this stabilization
of the radical, as for DABCO.

EADBO is a quite interesting compound that exhibits two

results obtained are shown in Figure 3 and evidenced thefive-membered rings including two oxygen atoms at fhe

importance of the two-orbitalthree-electron interaction: a
stabilization of~10 kcal/mol takes place when the N an@*

position with respect to the nitrogen. A BDE 89 kcal/mol
can be determined both in acetonitrile and in benzene. This fact,

orbitals are coplanar (the effect of the anticoplanar arrangement@ssociated with an efficient hydrogen abstraction in polar

has been already discus&ed he stabilization reaches 9.0 kcal/
mol for methylamine, a value in excellent agreement with the
EPR results mentioned above for primary amines.

A slight effect of the N-alkylation is observed with the
magnitude of the stabilization: 9 kcal/mol for methylamine,
10.3 kcal/mol for dimethylamine and 11.2 kcal/mol for tri-
methylamine. This fact clearly agrees with the very similar
values ofo(C—H) BDEs in the primary, secondary, and tertiary
amine series, indicating the predominance of the two-orbital
three-electron interaction on the effect of N-alkylation.

Do Constrained Amines Exhibit a Particular Behavior?
The calculation of the magnitude of the two-orbit#hree-

solvent, leads to the conclusion that a favorable stereoelectronic
effect must occur: molecular modeling evidences a nearly
coplanar arrangement of the hydrogen atom with the nitrogen
lone pair in the parent molecule, as for flexible structures (Figure
4). It is interesting to note that the vicinity of the oxygen atom
and the constraint imposed by the five-membered rings have
only a slight effect on the BDE, as already noted for uncon-
strained hydroxyalkyl substituted amines.

The Case of Triisopropylamine. Due to the presence of
bulky substituents, the equilibrium structure of triisopropylamine
significantly differs from uncrowded amines: the three-G
bonds are nearly coplanar with a sum of-B—C angles

electron interaction underlines the importance of the coplanar computed at 35979 in agreement with experimental and
arrangement of these orbitals. Cyclic compounds allow study theoretical report3-4° The a(C—H) angle was slightly tilted
of the effect of crowded structures for which the two orbitals out of the NG plane (Figure 4). In this case, a stabilization of
involved are frozen in a given geometry. Such typical molecules the radical similar to that observed for flexible amines cannot
are ABCO and DABCO. CBS-4M calculations show that the occur without any twisting of the C#€*CHs group. Previous
angle between the two orbitals are 77ahd 77.2 in DABCO studie$* demonstrated for this compound a high quantum yield
and ABCO radicals, respectively (Figure 4). Therefore, two- Of ionic species in a polar solvent. Therefore, it was concluded
orbital-three-electron interaction can hardly take pl&c#and that either an unfavorable approach*BP to thea(C—H) or a
one should expect an increase in the BDE~af kcal/mol loss of stabilization prevents the hydrogen abstraction reaction.
compared to unconstrained structures, on the basis of theFrom our experiments, very similar results are observed in
calculation performed on trimethylamine (Figure 3). However,
for DABCO, the experimental BDE value of 93.8 kcal/mol |
measured in benzene (Table 1), is orfl$ kcal/mol higher than
i R ; R ; 37) Staley, R. H.; Beauchamp, J. . Am. Chem. S0d.974 96, 1604.
that of triethylamine and other tertiary unconstrained amines. ( g Bock’yH.; Gosbel 1. Havlag, 7 Liedle, 5.- Oberhammemhgew. Chem.,
)
)

(35) Hoffmann, RAcc. Chem. Red971, 4, 1.
(36) Hoffmann, R.; Imamura, A.; Hehre, W. J. Am. Chem. Sod 968 90,
1499.

(38

Int. Ed. Engl.1991, 30, 187.
(39) Anderson, J. E.; Casarini, D.; Lunazzi,L.Org. Chem1996 61, 1290.
(40) Halpern, A. M.; Ramachandran, B. R.Phys. Chem1991, 96, 9832.

(34) Von Raumer, M.; Suppan, P.; HaselbachCEem. Phys. Letl996 252
263.
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Figure 4. Representation of optimized structures of amines (upper structures) and aminoalkyl radicals (lower structures): (a) triethylamine, (b) DABCO,
(c) EADBO, and (d) triisopropylamine.

- . . . . . . Scheme 2
acetonitrile, preventing the study of triisopropylamine in this CH. H H CH
solvent. However, in benzene, tfgP/triisopropylamine system S/, . L Nk
leads to the observation of BPKhs in the case of DABCO), HC N H3C—?—ITI—H —HC (‘r’ N,
clearly indicating the occurrence of a hydrogen abstraction CH, H CH, H CH, H

reaction. Moreover, the high quantum vyield of ketyl radicals

aIIovys theo(C—H) BDE tq be determined accurately. The vallue compared to primary ones, allowing a greater stabilization of
obtained (92.5 kcal/mol) is very close to those of unconstrained ¢, CHC'CHs. These two effects, i.e., decrease of the strain

tertiary amines. The predicted BDE at the CBS-4M level (close gnergy and stabilization of a secondary carbon radical, explain
to that of triethylamine) confirms this trend. This value is lower e relative low BDE of triisopropylamine.

than expected from the increase of BDE resulting from a lack
of stabilization. Conclusion
Figure 4 shows that, as expected, two-orbithiree-electron

bond stabilization cannot take place in the corresponding . . : ) .
aminoalky! radical due to an orthogonal conformation of the representative amines by photoacoustic calorimetry and theoreti-
oC* orbital with respect to the nitrogen lone pair orbital. The cal calculations has provided new results and insights that have

relatively low value of BDE should therefore be explained on Yi€lded an improved understanding of structure/property rela-
the basis of a strain energy taking place in the amine that relaxesi©nShips. For example, the following points have been clearly
in the radical. Indeed, an important strain change is expectedP0inted out: the use of two original amineterg-butylamine
due to the equilibrium geometry essentially characterized by and TMP) sugg_ests that the stabilization, observed in the effect
three coplanar NC bonds leading to a nonpyramidal structure ©f the N-alkylation on their N-H BDEs, occurs through €C
of the nitrogen atom that is different from the more pyramidal NYPerconjugation; C-alkylation clearly has no effecta(t—
radical structure, as represented in Figure 4. Pyramidalization ) BDES; N—H and o(C—H) BDEs are close in energy; the
of the radical occurs due to the relaxation of the constrained ffect of the N-alkylation on the(C—H) BDEs is ascribed to
amine structure, as indicated by the sum of\-C angles a two-orbltal—three-elgctron interaction whose magmtugie ha§
equal to 348.% Thus, hydrogen abstraction leads to a confor- been e\_/aluated_for primary, s_econdary, and t(_e_rt|ar_y amines; in
mational reorganization of the isopropyl groups. Calculation of constrained amines where this classical stg@hzgmoq does not
the energy of the radical in a constrained geometry close to [@ke Place, the role of the through-bond stabilization (in ABCO
that of the parent molecule (i.e., with a sum of §—C angles ~ 2nd DABCO aminoalkyl radicals) is clearly evidenced; in
equal to 359.%) leads to a BDE value of 94.8 kcal/mol. This trn;o.propyla.mlne, which exh|b|ts a qrowded structure, the
means that the strain energy~&.1 kcal/mol for this structure. eX|st|ng_stra|n energy relaxes_, in the ra_dlcal. All th_e experimental
Such a behavior has been already invoked to explain the r_esults, in good agre_ementw_nh m_odellng calculations shed some
decrease of 2 kcal/mol of the BDE of pyrrolidine compared to 19Nt on the behavior of aliphatic amines toward hydrogen
triethylamine512In this latter case, the important strain change 2pPstraction.
associated with the €H eclipsing interactions occurring in the
parent molecule (which does not take place in the radical
structure) explains this difference. One of the reviewers suggests that the difference between
The lack of two-orbitat-three-electron interaction in this  the calculated NH BDEs and the determined onesf kcal/
orthogonal arrangement of the aminoalkyl radical renders this mol for tert-butylamine and-7 kcal/mol for TMP) could arise
structure very close to that of typical alkyl radicals. In this case, from the occurrence of a secondary chemical rearrangment that
the stabilization arises from the classicatdlkylation3! the leads to an “extra” heat release and hence to an apparently lower
C—H BDEs of secondary alkanes are weaker~34 kcal/mol BDE (Scheme 2).

In this paper, a systematic study of the BDEs of 21

Appendix
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One way to deal with this proposal is to carry out steady- the low yield is typical of a N-H abstraction, and (ii) if the
state photolysis with product analysis. This kind of experiment 0.06 side products arise from the reaction depicted in Scheme
was already reported in the literatdfethe yield of photo- 2, this will lead to an error of only 0.5 kcal/mol in the apparent
reduction of benzophenone bgrt-butylamine being reported  BDE. Therefore, at the moment, the literature does not provide
to be 0.06. This low yield was interpreted as the result of a strong evidence supporting this proposition, although it would
very efficient recombination of the aminyl radical with the ketyl be interesting to investigate this attractive hypothesis more
radical, leading to the starting material. On the contrary, efficient deeply.
photoreduction was observed in the case of an aminoalkyl
radical (as triethylamine). Therefore, one can consider that (i) JA0204168
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