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Abstract: Secondary f-deuterium isotope effects on amine basicities are measured using a remarkably
precise NMR titration method. Deuteration is found to increase the basicity of methylamine, dimethylamine,
benzylamine, N,N-dimethylaniline, 2-methyl-2-azanorbornane, and pyrrolizidine. The increase in dimeth-
ylamine arises entirely from enthalpy, contrary to a previous report. The method permits a determination
of intramolecular isotope effects in 1-benzyl-4-methylpiperidine and 2-benzyl-2-azanorbornane. It is found
that deuteration has a larger isotope effect when either antiperiplanar or synperiplanar to a lone pair, but
the synperiplanar effect is smaller, as confirmed by computations. The isotope effect is attributed to a
lowered zero-point energy of a C—H bond adjacent to an amine nitrogen, arising from delocalization of
either a syn or an anti lone pair, and with no detectable angle-independent inductive effect.

Introduction Beta IEs can be more problematic. In solvolyses they are
Isotope effects (IEs) are characteristic features of rates and9enerally attributed to hyperconjugation, whereby the electrons
equilibrial In contrast to primary IEs, secondary |Es arise when " thé C-H bond are delocalized to stabilize the developing
the bond to the isotope remains intact. They are further Carbocation. In comparison, the-© bond has a lower zero-
distinguished as or 3, depending on whether the isotope is point energy and is stronger, so delocalization becomes less

separated by one or two bonds from the reaction center. Theyeﬁe?tive} This cannot be a simple inductive _effect, whereby
continue to provide mechanistic information regarding organic  Protium is more electron-donating than deuterium, because the
and enzymatic reactiofsWe now report definitive measure- BN~ Oppenheimer approximation guarantees the electronic
ments of secondary deuterium IEs on amine basicities, and their/@ve function to be independent of nuclear nfasstead, it

dependence on temperature and stereochemistry, including thénusSt derive from a change of vibrational _frequen;ies, predomi-
roles of both antiperiplanar and synperiplanar deuterium. nantly pendl_ng,_ and this requires Ol’bltaé overtandeed,
Alpha |Es usually arise from a change in hybridization, as in calculations indicate that the IE follows a éaependence on

solvolysest where the reacting carbon changes frorbitspsg. the dihedral angle between the-@ or C_bD bond and the
This change is associated with a lowering of thekCout-of-  Vacant orbital of the developing carbocation.

p|ane bending frequenoy, such that the Zero_point energy( We here addl’esﬁ-deuterlum IEs on amine baS|C|ty. These
,hw) is reduced in the transition state. The reduction feriC are equilibrium effects, not kinetic. Deuterium substitution
is less because Zero_point energy is inverse|y proportiona] to ConSIStently Increases baS|C|ty, but the effects are small. For

the square root of mass. Consequently, the reduction for the2.4-dinitroN-methylanilined; the IE, expressed af\pKa
protium substrate is greater, and it reacts faster than the(=—10g KL + log Ka", whereK, is the acidity constant of the
deuterated one. conjugate acid), is 0.05¢ 0.0018 For benzylaminex-d, the
IE is 0.054+ 0.001, but this was later revised to 0.082.001.
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pensation of force constants, but it too would be consistent with  This method is capable of exquisite precision, because it is
systematic error from an impurity. Besides, temperature inde- based only on chemical-shift measurements, not on pH or
pendence would require that the IE lie in the entropy. For volume or molarity as in the usual pH titrations. The method is
trimethylamineds ApK, is 0.185%° large enough to be beyond comparative. If there is no difference in basicities, there is no
experimental error, but this could be due to steric repulsténs, lag of one chemical shift behind the other. Therefore minute
which flatten trimethylamindg, with its longer C-H bonds, imbalances of basicities can be detected. Moreover, because the
owing to anharmonicity. titration is performed on a mixture of the two bases, under
All of these cases differ from solvolyses in that there is no conditions guaranteed identical for both, it avoids systematic
rehybridization, neither of the carbon bearing the isotope nor €rror due to impurities. Further advantages are that it is
of the nitrogen, which remains nominallyspn deprotonation. ~ applicable to a mixture of closely related substances, without
Besides, the increase of basicity is opposite to deuterium’s the necessity of separating them, and that it can be applied in
reduced electron-donating power in solvolyses. The IE in @ny solvent, even those where a pH electrode would be
benzylamine was therefore attributed to an electrostatic interac-inoperative. Variants on this method have been developed for

tion between the positive charge on the protonated nitrogen andMeasuring IEs, using®F and **C NMR,'” but without the

the dipole moment of the €H or C—D bond*? Because dipole

moment is the product of charge separation and bond length,

and because the€H bond is longer than €D, owing to
anharmonicity, deuterium could show an electron-donating
capability. Such an inductive effect, arising from monopole
dipole interaction, is consistent with the Ber@ppenheimer

advantage of data analysis by linear least squares.

IEs are now measured for deuterated methylanifg g 2 9,
dimethylamine 2-d3), benzylamine -d), N,N-dimethylaniline
(4-d3), 2-methyl-2-azabicyclo[2.2.1]heptan&-¢;), and pyr-
rolizidine (6-d). Mixing any of these with the corresponding
unlabeled material produces'dl NMR spectrum that shows

approximation. It seems to have been accepted as the source dfesolvable isotope shifts from the different isotopologues

these IES? even though the dipole moments involved are
exceedingly small.

This inductive contribution can be estimated (if the dipele

dipole interaction between the lone pair and the bond is ignored

relative to monopoledipole). Anharmonicity leads to@dcy —

dcp of 0.34 pm. From infrared intensities of methane, the
derivative of dipole moment with respect to-€l distance is
0.016.1* The field effect on K due to a dipole moment of
0.35D, as in propene, can be estimated as 0.9%\thebetween
allylamine and methylamine. These combine toApK on
deuteration of 0.0007, which is much smaller than the claimed
IE.

Because we needed to be certain about such IEs before
embarking on a study to assess the symmetry of NHN hydrogen 5-ch

bonds in tetramethylnaphthalenediamifese have reinves-
tigated them. A new NMR titration method makes it possible
to measure relative basicities with great precisirlhe

(isotopic homologues). The relevant reporter nuclei are depicted
in boldface in the molecular structures. The acidity constant
ratios for the isotopomers (isotopic stereoisomers) of 1-benzyl-
4-methylpiperidineds (7-ds) and 2-benzyl-2-azabicyclo[2.2.1]-
heptane §-d) are also determined. Some of these results have
been presented in a brief repétt.

CH
D. 3
CH,.,D,—NH, CHS\H/ CPs PhCHD—NH, Ph—N/
CD.
1-d, 2-¢ 3-d 4-c 8
S Wcmph s
b3 D 2
CHg M D CH,Ph
6-d 7-cs 8-d

Experimental Section

procedure involves successive additions of small aliquots of acid  NMR Spectroscopy.*H and**C NMR spectra were recorded on a

to a mixture of bases. Acid will preferentially protonate the one
that is more basic. Its chemical shift will then move ahead of
that of the less basic one, which lags behind. Alternatively, it

Varian Mercury 400 or Unity 500 spectrometer. Chemical shifts in
aqueous solutions are relativetart-butyl alcohol ¢ 1.23) or dioxan

(6 3.75) as internal standard. THe NMR signals of deuterateti6

were easily distinguished from those of undeuterated by using samples

may be more convenient to add aliquots of base to a mixture 4f known stoichiometry.

of acids. Regardless, the acidity constd&iand chemical shifts
o can be related through eq 1, whede or 6° is for the

SynthesesBenzylamineN,N-dimethylaniline, dimethylamin&lCl,
dimethyl-1,1,1ds-amineHCI, and other reagents were commercially

protonated or deprotonated form, as measured at the beginningavailable and used without purification. Deuterated amines were

or end of the titration. Therefore a plot of the quantity on the
left versus §1 — 01°)(02T — 92) should be linear with zero
intercept and with a slope equal to the ratio of acidity constants.

(0,7 = 0)(0, = 6,°) = (KK )0, — 6,°)(8," — 8,) (1)
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obtained by reduction of a suitable precursor (trimethylsilyl isothio-
cyanate, benzaldehyde oxinimethylN-phenylcarbamic acid methyl
esterN-benzyl-3-methylglutarimideA*®-dehydropyrrolizidinium per-
chlorate, or 2-benzyl-2-azabicyclo[2.2.1]heptan-3-one) with LiAdD

a LIAID 4—LiAIH 4 mixture. The ratio of LIAID, to LiAIH , was adjusted
empirically so as to productH NMR spectra in which the reporter
peaks for all isotopologues are nearly equal in height, so that small

(17) Forsyth, D. A.; Yang, J.-Rl. Am. Chem. S0d.986 108 2157. Pehk, T;
Kiirend, E.; Lippmaa, E.; Ragnarsson, U.; GrehnJLChem. Soc., Perkin
Trans. 21997, 445.

(18) Batiz-Hernandez, H.; Bernheim, R. Rrog. Nucl. Magn. Reson. Spectrosc
1967, 3, 63. Jameson, C. J.; Osten, HARlnu. Rep. NMR Spectrosk986
17, 1. Hansen, P. BProg. Nucl. Magn. Reson. Spectro4©88 20, 207.
Dziembowska, T.; Hansen, P. E.; Rozwadowski,PZog. Nucl. Magn.
Reson. Spectros2004 45, 1.

(19) Perrin, C. L.; Ohta, B. K.; Kuperman, J. Am. Chem. SoQ003 125,
15008.



[-Deuterium Isotope Effects on Amine Basicity ARTICLES

chemical-shift differences can be resolved. For 2-benzyl-2-azabicyclo- and neutral forms. At 50% neutralization the difference between these
[2.2.1]heptanad and 1-benzyl-4-methylpiperidings equality of peak two chemical shifts can be simplified to eq 2, which relates the observed
heights is not necessary, because,bl@8nd H3n4 Or H2: and H2q A to KdKL, whereA, is the intrinsic separation in fully protonated
are well separated, but these are necessarily produced in equalor fully deprotonated amine aridlis the differenced™ — 6°, between
proportions as a consequence of the synthetic method. For these twahe limiting chemical shifts. BotiA, andD could be determined from
cases the ratio of LiAlRto LiAIH 4 was adjusted empirically so as to  previous titrations of dimethylamine. Becausg/K.L ~ 1, eq 2 can
minimize interference from Chisignals without unduly reducing the  be approximated by eq 3, so that a plotdfversus 1T has slope
intensity of the G-H signals. For5-d, the source of deuterium was  equal to—DAAH®/4R and intercept equal td, + DAAS/4R.
formaldehyded,. Details of the syntheses are available in the Supporting

Information, along with spectral characterizations. KHKP -1

H NMR Titrations. All samples, as well as stock solutions of DCI A=A, +——"=—D (2
and NaOD, were prepared inO or D,O—CD;0D, with care to prevent 2Ky 7Ky 1)
medium changes in aqueous methanol due to a varying solvent ratio. "o
DimethylamineHCI and dimethylds;-amineHCI were simply mixed A=A+ In(Ky /Ky )D 3)
in a 1:2 ratio. Pyrrolizidine and pyrrolizidine-@were mixed in a 1:1 ° 4

ratio. Aqueous methylamineCl and dimethylamingdCl samples were

back-titrated with a small quantity of DCI to ensure complete  Computations. Ab initio density-functional calculations were
protonation and then titrated with-20uL aliquots of 40% NaOD in performed on methylamine at the B3LYP/6-31G(d,p) level using
D20. In DMSO+s KOtBu was used as base. To catalyze proton-transfer Gaussian 98, revision A22.This level gives an HNH angle of 10%.,8
equilibration between 2-methyl-2-azabicyclo[2.2.1]heptane isotopo- properly less than tetrahedral, whereas it is 11@&ith HF/6-31G. The
logues, a few drops of aqueous Hi#as added. Benzylaminé|,N- geometry was optimized with one HNCH dihedral angle constrained
dimethylaniline, 1-benzyl-4-methylpiperidine, and 2-benzyl-2-azabicyclo- to a succession of values. From each such structure thréedistances
[2.2.1]heptane samples in metham@ib,O (1:1, 8:3, 4:1, and 5:1,  and three dihedral angles betweer € bonds and the lone pair were
respectively) were back-titrated withi& of stock base and then titrated  obtained. Also, in every structure each-8 was replaced sequentially

with aliquots ¢~10uL each) of acid. NMR spectra were recorded after by C—D and the G-D stretching frequency was calculated. This
each addition. At least 10 aliqUOtS were used for each titration. Titrations isotopic rep|acement serves to isolate a Sing|e stretch, uncoup|ed to

were assumed to be complete when no peak movement was observeg@thers and without Fermi resonance.
upon further additions of titrant.

Chemical shifts of appropriate reporter nuclei were extracted from
the spectrum after adding each aliquot, and the data were fit to eq 1. Assignment of Stereoisomers of $1*. In DCI/D,O exo/
Thet data f?]ﬂ Showe? t')o‘}or “Tﬁa”ty'dbicaus‘it‘)ft_'”sumc'i?“y rzp'd_  endo equilibration is slow, and a 1.6:1 ratio of stereoisomers is
proton exc _ang+e Just betore the end of the iratlon, So the endpoint 5, sared. The most downfield signals,d@R.72 (major) and
chemical shift$)" were taken from the sample with the most downfield . . . . .

2.80 (minor), are readily assigned to H1. Saturating the major

Oeq At the end of the titration 06 the methyl signals separate as exo . . o
and endo, and these chemical shifts were averaged. The intrinsic isotopé"l enhances the major NGHinglet ato 1.61 by 2%, whereas

shifts of H3ngin 6 and of the benzyl protons Biwere not resolvable, ~ Saturating the minor H1 enhances the minat.62 singlet by
so they were set equal to 1 ppb per D, as observetiand5. This only 1%. Because the relevant HH distances are estimated from

served to fixdp® and dp™. MM2 modeling (ChemBats3DPro v.4.0) to be 2.46 A for exo
Variable-Temperature Experiments To probe the temperature ~ and 2.63 A for endo, the major stereoisomer, with the larger

dependence of the IE in dimethylamidg-variable-temperature (VT) NOE, is unquestionably the exo. An HMQC spectrum then

NMR experiments were performed using two different methodologies. correlates thed 1.61 and 1.62 signals to tHéC signals at

For the first the VT controller was set to the desired temperature and 41,5 and 35.9, respectively. The latter must be the minor endo

NMR titrations were performed by adding titrant via a continual addition methyl, and this assignment is consistent with an upfield shift
apparatug? which avoids the need to eject the sample. Thus NMR due to steric compression.

spectra could be taken soon after addition of each aliquot, without a This agrees with the assianment of the maior broduct from
long wait for the sample to return to the probe temperature. Ni€xt/ ( 9 Y jor p

K.P) was obtained from the measured chemical shifts, according to eq <IN€tic protonation of the amine as the eXdut it is opposite

1, andAAH® and AAS® could be determined from a plot of K/ from the assignment of the major form of the amine as édo.
K:P) versus 1T. It is thus possible to perform such titrations, but the BOth of these previous assignments seem to be indisputable.
procedure becomes tedious as the number of different temperaturesYet the major product from kinetic protonation must be the

Results

increases. major form of the amine. The only way we perceive to reconcile
Therefore an alternative method is rapid-pulse VT NMR “at constant this discrepancy is if equilibration occurred under conditions
probe temperature A 50%-deprotonated 1:2 sample 2HCI and thought to achieve kinetic protonation. If so, then the major

2-dz*HCl in D20 in an NMR tube with a concentric insert containing  form of the amine is endo, but the more stable protonated form
methanol was cooled to near freezing and placed into the probe, whosejs the exo. This then requires that the exo be less acidic than
temperature had been set to 8D. Spectra were recorded every 5 s the endo, even though these two structures are so similar.

for a few minutes, until the sample attained the probe temperature. In Isotope Effects on Amine Basicity Samples were subjected
each spectrum the peak separatiobetween the labeled and unlabeled . o .

; . . to 2—10 independerntH NMR titrations in DO or D,O—CDs-
dimethylamines was measured, and the temperature was monitored from D and vzed di 1. Tabl 1] hemical
the chemical shifts of the methanol. Control experiments with methanol OD and analyzed according to eq 1. Table S1 lists chemica

in both compartments had shown that there is no appreciable temper-Shifts and isotope shift$ — o) of each amine and ammonium
ature gradient across the tube. The chemical shift of either isotopologueiOn. The isotopomers o7-d; and 8-d are specified by the
of 2 is the weighted average of the chemical shifts of its protonated

(22) Frisch, M. J.; et alGaussian 98revision A.7; Gaussian, Inc.: Pittsburgh,

PA, 1998.
(20) Perrin, C. L.; Rivero, |. ARev. Sci. Instrum1999 70, 2173. (23) Belkacemi, D.; Malpass, J. Retrahedron1993 40, 9105.
(21) Perrin, C. LJ. Magn. Res198Q 40, 391. (24) Forsyth, D. A.; Zhang, W.; Hanley, J. A. Org. Chem1996 61, 1284.
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Figure 1. Linearized plot (eq 1) for titration of dimethylamine plus

dimethylamineds.

Table 1. [-Deuterium Isotope Effects on Amine Basicities

Perrin et al.
0145 ——————F————— 7
AAH = -88+22 cal/mol, AAS = —0.03+0.07 cal/mol-deg
0.14
%
To 0135 |
=4
0.13
0.125 " " " " 1 " " " L 1 L L " L 1 L L
3.2 3.3 34 3.5 3.6

1000/T

Figure 2. Variable-temperature data for relative basicities of dimethylamine
and dimethylamineks.

amine KulKo ApK, AAG?® (callmol), per D
1 1.0404+ 0.006 0.01A4 0.003 23.2+-3.4
12 1.081+ 0.004 0.034+ 0.002 23.1+1.1
2 1.1444 0.005 0.058+ 0.002 26.6+ 0.9
20 1.1744+ 0.007 0.07Gt 0.002 31.6+1.1
3 1.0419+ 0.0009 0.0178t 0.0004 24.3t 0.5
4 1.1051+ 0.0018 0.0434t 0.0007 19.8£ 0.3
52 1.092+ 0.004 0.038+ 0.002 26.1+1.1
62 1.0294+ 0.002 0.013ft 0.001 16.9+1.15
62 1.037+ 0.002 0.0164+ 0.001 21.5+1.1
7 1.060+ 0.006 0.0253+ 0.0025 34+ 3
8 1.0394+ 0.005 0.01A4 0.002 23+ 3
82 1.0744 0.005 0.031: 0.002 21.1+1.4
8 1.045+ 0.004 0.019+ 0.002 26.1+ 2.3
8 1.086+ 0.00F 0.038+ 0.003 244+ 19
8 1.003+ 0.007 0.001+ 0.003 1.8+4.1

2-g,. ®In DMSO-s. © Including estimated intrinsic isotope shiftsKed
Kax. ©KexdKendo

orientation of deuterium, even though protium is the reporter
nucleus. In particularkKeq is for 7-tdeq, Which shows a 12-Hz
doublet due to H, whereas-dax shows an i, multiplet further
downfield. Likewise Kexo andKengo are for8-dexo and 8-Oendo,
monitored by H3nqo and H3y, respectively. This mixture of
isotopomers was titrated using not only i@ and H3y, as
reporter nuclei but also the benzyl protons. The former provides
KexdKendo @nd the latter providasy/Kp, which is also provided

by 5.

Excellent linearity was achieved for fits of NMR titration
data to eq 1, with correlation coefficients typicaly0.999. A
typical titration of dimethylamingdCl is shown as Figure 1.
Individual titrations produced smaller errors than the variability

124 F——
122 | .
12 [ .
118 [ .
a ]
Q
Q.
< 116 | -
114 | .
° ——  AAH =-59 cal/mol
H2 %4
[ ]
1 N T R S
3.2 3.3 3.4 3.5

1000/T

Figure 3. Temperature dependence of isotope shift in a half-neutralized
mixture of 2 and2-ds, by VT-NMR “at constant probe temperature”.

separate NMR titrations run at 5, 25, and°& The IE is seen

to be temperature-dependent, although the variation is hardly
beyond the error bars. From the slope and interéepH® =

—88 £ 21 cal/mol andAAS’ = —0.034+ 0.072 cal/molkK.

This AAS’ is not significantly different from zero.

An alternative methodology was utilized to acquire VT data
at many more temperatures and across a wider range. The
isotope shift was measured during the heating of a half-
neutralized mixture of dimethylamiridCl and dimethylamine-
ds-HCI from near freezing te~50 °C. Figure 3 shows that this
isotope shift is temperature-dependent, thus confirming the result
in Figure 2. From the slope and intercept eq 3 lead&AdH®

among titrations, which were therefore averaged. Reported errors= —58.7+ 1.7 cal/mol andAAS’ = 0.060+ 0.006 cal/moiK.

are the standard deviation of a set of titrations. Table 1 lists the
IEs derived from such plots, expressedkagKp or KeqKax Or
KexdKenda @long withApK, and AAG® per D. For bothl and

Computations. Figure 4 shows the dependence of thetC
bond length in methylamine on the dihedral angle between the
bond and the nitrogen lone pair, as well as the dependence of

8 it was possible to measure the IEs separately for both singlethe C-D stretching frequency in DCiNH, (1-d) on that

and double deuteration (but not for triple deuterationljn
because CENH; is invisible by'H NMR). Data for6 and 8
are presented both without and with correction for unresolvable
intrinsic isotope shifts.

VT Experiments. DimethylamineHCI was titrated using two
different NMR techniques to test the temperature dependence
of the secondarg-deuterium IE. Figure 2 shows the results of

9644 J. AM. CHEM. SOC. = VOL. 127, NO. 26, 2005

dihedral angle. The solid curves are the best four-term Fourier
W
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1.104 ] 2280 basicities of methylamine, dimethylamine, and trimethylamine
] can be reproduced by ab initio force constants forHC
1102 | ] 2260 stretching, which increase dwprotonatior?® Negative hyper-
[ ] conjugation is also supported by calculations on carbanions and
- ] 2240 alcohols’3%and by theApK, of 0.056 in trifluoroethanoth.3t
< ] e These IEs are smaller than in solvolyses, because filliddd
z [ 12220 og orbital interactions are weaker than filledacant ones. They
" 1008 g - are also smaller than IEs calculated from (planar) RCH,~,”
I 1 2200 because the orbital energy of the lone pair on a nitrogen or
[ ] oxygen is lower than that in the carbanion, thus reducing the
1.096 . . . .
p 2180 interaction with thes* orbital.
I ] Nonlinearity of Isotope Effects. In principle the IE of
1.004 PG successive deuteriums is nonlinear, because of isotopic perturba-
tion of conformational equilibrium, which increases the popula-
Figure 4. Relations among B3LYP/6-31G(d,p)-& bond length in Ch '.[ion of the rotgmer with protium anti to the Iong pé#iiowever,
NH,, C—D stretching frequency in DC#H,, and dihedral angle between it can be estimated thatAG® per D would increase by<1
the bond and the nitrogen lone pair. cal/mol from CHD to CDs. The errors in Table 1 show that

this is too small a nonlinearity to be detected reliably, in contrast
fits. There is an almost linear relation between the frequency to 2 3-dimethyl-2-butyl cation and some iridium tri- and tetra-
and the bond length (figure not shown), which reflects their hydrides3
contrary but nonlinear variations in Figure 4. Solvent Dependenceror dimethylamineds the |E in DMSO
is significantly greater than that in water. This is consistent with
an IE that originates im-o* delocalization. A protic solvent
Isotope Effects on Amine Basicity.The IEs in Table 1 are  hydrogen bonds to that lone pair and reduces the delocalization,

Discussion

small, but they are highly accurate. Farthe ApKys are whereas in DMSO the lone pair is delocalized fully, allowing
proportional to the number of deuteriums, and f6r3 and 8 for a maximum IE.
the ApKa per D or theAAG® per D is nearly constant. Temperature DependenceFigures 2 and 3 show that the

The key result is that there are secondary deuterium IEs on|E in dimethylamine is definitely temperature dependent,
amine basicities. The linear least-squares method, combined withcontrary to a previous repcttTherefore there is no need to
the ability to measure NMR chemical shifts accurately, improves propose a fortuitous compensation of force constants. However,
the precision by an order of magnitude and confirms the the variation is small<2% change irKy/Kp over a 30 range.
previous report8? The ApK, data in Table 1, converted to @  The previous inability to detect so small a temperature depen-
per-deuterium basis, agree with the (revised) value of 0.016 for dence, by conductance measurements on dimethylamine and
3and 0.02 for2, but our 0.014 fo# is significantly lower than dimethylamineds, is thus understandable.
the 0.019 for 2,4-dinitrdN-methylaniline? which we conclude The two methods give slightly differemdiAH® or AAS’.
is erroneous, inasmuch as the IE should be lower for aromatic However, the differences are not statistically significant, because
and nitroaromatic amines, whose nitrogen lone pairs are of uncertainties inA, andD (eq 3) and of the larger error in
delocalized. the first method. This error is due not only to the limited number

Origin of the Isotope Effects. Above we rejected the  of data points, but also to the large standard deviation of the
possibility that these IEs are due to an inductive effect. Instead, individual points, as illustrated by the error bars in Figure 2.
we attribute them to changes in vibrational frequencies, even Besides, there may be systematic error in Figure 3 due to a
without rehybridization at C or N upon protonating the nitrogen. slight initial temperature gradient between the amine sample
IR spectra of amines show characteristic bands, known asand the methanol monitor, which is more insulated. This can
Bohlmann bands, around 27602800 cnt1,25 [ower than the account for whyAAH® appears less negative than in the first
2900 cm? of a typical CG-H stretch. UporiN-protonation these ~ method. Despite the large error and the difference between the
seem to disappear, because they revert to typical frequencieswo methods, it is clear that the IE is definitely temperature
and are lost among other-& modes. Therefore the zero-point  dependent, in contrast to the previous refdvtoreover, this
energy increases on protonation, but the increase is lessfor C  temperature dependence, along with a ZeA& (from the first
than for C-H. Indeed, a frequency change of 100 ©m method), shows that the IE lies entirely in the enthalpy. An IE
corresponds to ApK, of 0.03, comparable to the observed IEs. that is manifested in the enthalpy is consistent with an origin
This good agreement supports the involvement of stretching in zero-point energy, as presented above.
modes, rather than the bending modes proposed for the Kinetic gy thomas, H. D.: Chen, K. H.: Allinger, N. L. Am. Chem. S0d994 116
IE in methylation ofN,N-dimethylanilineds.2® 5887. ,

. . . . (29) DeFrees, D. J.; Taagepera, M.; Levi, B. A.; Pollack, S. K.; Summerhays,

The reduction of frequency is associated with -akCbond K. D.; Taft, R. W.; Wolfsberg, M.; Hehre, W. J. Am. Chem. Sod979
antiperiplanar to the nitrogen lone pafit is generally attributed 101, 5532.

: L 9 o . (30) Williams, I. H.J. Mol. Struct. (THEOCHEM)983 14, 105.
to negative hyperconjugation, or delocalization of the lone pair (31) Gawlita, E.; Lantz, M.; Paneth, P.; Bell, A. F.; Tonge, P. J.; Anderson, V.
)
)

into the vacanio*cy orbital2® Isotope effects on gas-phase E.J. Am. Chem. So@00q 122 11660.

(32) Forsyth, D. A,; Lucas, P.; Burk, R. M. Am. Chem. S0d982 104, 240.
(33) Saunders, M.; Cline, G. W. Am. Chem. Sod99Q 112, 3955. Heinekey,
(25) Bohlmann, FBer. 1958 91, 2157. Nakanishi, K.; Goto, T.; Ohashi, M. D. M.; Oldham, W. J., JrJ. Am. Chem. Sod 994 116, 3137. Paneque,
Bull. Chem. Soc. Jpri957, 30, 403. M.; Poveda, M. L.; Taboada, SI. Am. Chem. Socl994 116 4519.
(26) Kaplan, E. D.; Thornton, E. R.. Am. Chem. Sod 967, 89, 6644. Webster, C. E.; Singleton, D. A.; Szymanski, M. J.; Hall, M. B.; Zhao, C.;
(27) Wenkert, E.; Roychaudhuri, D. K. Am. Chem. Sod.956 78, 6417. Jia, G.; Lin, Z.J. Am. Chem. SoQ001, 123 9822.
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Stereochemical Dependencdf the IE is due tony-0*cy therefore confirm the above estimate that an inductive effect is
delocalization, this requires overlap between the lone-pair andtoo small to contribute to the observed IE.
CH-bond orbitals. We have tested this with 1-benzyl-4-  Deuterium Syn to Lone Pair. Equation 4 is imperfect,
methylpiperidine-2,2,@k (7-ds). According to the data in Table  insofar as it does not distinguish antiperiplanas=(18¢°) from
1, the two isotopomers show/spK, of 0.0253+ 0.0025, and synperiplanar { = 0°). To probe IEs more broadly, it is
the one with deuterium trans to the methyl group is the more necessary to generate amines with deuterium substitution at other
basic. The accuracy here is not as high as in the other aminesdihedral angles, preferably with a<D bond synperiplanar to
because the signals are not sharp singlets, but it is adequate tthe nitrogen lone pair.
demonstrate that the isotopomer with deuterium axial, and For 5, 6, and 8 the data in Table 1 attest to an increased
therefore antiplanar to the nitrogen lone pair, is the more basic, basicity due to synperiplanar deuterium. The correction for
exactly as required. intrinsic isotope shifts ir6 and 8 provides closer agreement

It is remarkable that the basicities of cis and trandg can with 5, where no correction is necessary. The average IE due
be distinguished. These are isotopomers, or stereoisomers thafo synperiplanar deuterium is 24 cal/mol, only half as large as
differ only in the position of an isotope, so they are exceedingly the 46 cal/mol of an antiperiplanar deuterium. This is consistent
similar. This is the first report (other than our earlier brief with a lesser delocalization of a syn lone pair. It also parallels

communication’’ of a stereochemical dependencelefieute- the delocalization that is responsible for reducing the one-bond
rium IEs on amine basicity. Such effects are small and beyond coupling constant in the bridgehead—8 of a tricyclic
most methods of measurement. orthoamide from 184 Hz when the- is synperiplanar to

It should be acknowledged that a stereochemical dependencehe three nitrogen lone pairs to 141 Hz when it is 8hti.
of these IEs could have been predicted from the preference for computational Comparison of Syn and Anti. Figure 4
equatorial deuterium in 1,3,5,5-tetramethylhexahydropyrimidine- shows the dependences on dihedral angé the C-H bond
2-d and cisN-methylpiperidine-2,&k.% This preference toowas  |ength and of the €D stretching frequency in methylamine or
attributed ton-o* delocalization, which weakens and lengthens  methylamined. The bond length is maximum when the dihedral
a C—H bond that is anti to a lone electron pair. Subsequently angle between the bond and the nitrogen lone pair i$, 186
this stereoelectronic interaction was used to induce diastereo-there is a secondary maximum &t The minimum is near 90
topicity in the protons of an NCH.D group on a chiral  The stretching frequency varies in opposite fashion.
piperidine?® The longer bond and the reduction of frequency are due to

Calculations indicate a céslependence gf-deuterium IEs  gelocalization of the lone pair into the-Gf antibonding orbital.
on amine basicity, just as in solvolysédeed, the IEscanbe  The maximum delocalization is when is 18®, and the
fit to a cog dependence on the dihedral angléetween the  minimum is near 99 when the lone pair is orthogonal to the
C—D bond and the nitrogen lone pair. The observed IE ia C—H. The secondary maximum at & slightly less than one-
the difference between IEs at 18@nd 60 (if the inconse- half as large as the one at F80This agrees with the
quential contributions from conformers with axial methyl or experimental observation that the IE due to synperiplanar
benzyl are ignored). The IE i1 or 2 is the 2:1 sum of  geyterium is only one-half that of an antiperiplanar deuterium,
contributions at 60and 180. It should be noted that the same g4 it supports the interpretation of IEs in terms of zero-point
value is obtained for3, consistent with experimental and  energies that are reduced when thetCor C—D is antiperipla-
theoretical evidence that the phenyl group here exhibits no par to the nitrogen lone pair. This also agrees qualitatively with

conformational preferenc¥.Fitting the difference fronv and the absence of distinctive Bohlmann bands in amines where
the average from and2 then leads to eq 4. This fit shows that  {he pitrogen lone pair is syn to the-G1.38

the IE is of stereoel_ectror_lic Qrigin, with a m_aximum at 1SQ Isotopomers of 8d. The behavior o8 might appear to be
when the (;—D bopd is antiperiplanar to the mtrogen lone pair. contradictory. According to the benzyl protons as reporter nuclei,
That maximum is 46 cal/mol, representing the IE of an geteration produces an IE of 1.045 (and 1.086 for dideuteration,
antiperiplanar deuterium, relative to a protium. very close to the 1.092 i6-dp). Yet according to Hgo and
o . H3endo @s reporter nuclei ir8-d, Ked/Ken is not significantly

AAG? (cal/mol)= (45.7+ 4.5) cost + (1.8+2.6) (4) different from unity. Thus it seems that the IE is independent

It should be noted that this value is different from the 34 of dihedral angle, contrary to the fit to eq 4. Howeviég,/Ken
cal/mol in 7, which is the difference between IEs of antiperi- is an average over two stereoisomers, one with the benzyl exo
planar ¢ = 18C°) and synclinal { = 60°) deuteriums. Itis also ~ and the other with it endo. If these stereoisomers were equally
different from the 24 cal/mol per D fol—3, which is the populated, the IE from an endo deuterium syn to the lone pair
average |E of antiperiplanar and synclinal deuteriums. The cos in the exo stereoisomer (actually, at a°l@hedral angle,
dependence means that the IE of a synclinal deuterium is onlyaccording to MM2 simulations) would balance the IE from an
1/, that of an antiperiplanar one. exo deuterium syn to the lone pair in the exo stereoisomer.

Moreover, the angle-independent term in eq 4 is zero, within Moreover, any IEs from anticlinal deuterium (at 23fot 120)
an exceedingly small experimental erroro8 cal/mol. Thisis ~ would also be balanced. As a result, there would be no net
the term that would represent an electrostatic interaction betweenintramolecular IE different from unity. Although the observed

a positive charge and the-@& or C—D bond dipole!2 We 1.6:1 ratio in5-H* differs from equal populations, it is close

(34) Anet, F. A. L.; Kopelevich, MChem. Communl987 595. Forsyth, D. (37) Weisman, G. R.; Johnson, V.; Fiala, R. Eetrahedron Lett198Q 21,
A.; Hanley, J. A.J. Am. Chem. S0d.987 109, 7930. .

(35) Anet, F. A. L.; Kopelevich, MJ. Am. Chem. Sod.989 111, 3429. (38) Atkins, T. J.J. Am. Chem. Sod98Q 102 6364. Skvortsov, I. M.; Pentin,

(36) Li, S.; Bernstein, R.; Seeman, JJ1Phys. Chen1992 96, 8808. Melandri, Y. A.; Hoang, T. X.; Antipova, |. V.; Drevko, B. IKhim. Geterotsikl.
S.; Maris, A.; Favero, P. G.; Caminati, \ChemPhysCher2001, 2, 172. Soedin.1976 1001, viaChem. Abs85, 159250h.
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enough that the averad€.,/Ken is not significantly different
from unity.

Comparison with YJcy and Ycc. In Figure 4vcp is fit by
1.097-0.0025 cosf) + 0.0030 cos(?) — 0.0005 cos(3), with
the coefficient of cos(@® slightly greater than that of cag(
and of opposite sign. The cosj2erm represents the delocal-
ization of the nitrogen lone pair, whether syn or anti to thelC
and the cog() term distinguishes anti as more effective than

syn. These results can be compared with one-bond coupling

constantstcy andJec, in some ethers, where the costerm
was found to be dominas?, showing that lone-pair delocal-
ization is not primarily responsible, in contrast to these IEs.

Summary and Conclusions

Secondary-deuterium IEs on amine basicities of amides8

were measured using a precise NMR titration method. In all
cases deuterium increases the basicity. For 1-benzyl-4-meth

ylpiperidineds the isotopomer with axial deuterium is more
basic. For1l—-3 and 7 the IEs follow a co3 dependence on

dihedral angle, with no detectable angle-independent inductive
effect. The IE is attributed to a lowered zero-point energy of a

C—H bond adjacent to an amine nitrogen.
Amines 5, 6, and 8 show an IE due to synperiplanar

deuterium, but this is only one-half as large as that of

(39) Martnez-Mayorga, K.; Lpez-Mora, N.; Ferfradez-Alonso, M. C.; Perrin,
C. L.; Jimaez-Barbero, J.; Juaristi, E.; Cuevas ABgew. Chem., Int. Ed.
2005 44, 2. Perrin, C. L.; Erdlgi, M. J. Am. Chem. So@005 127, 6168.

antiperiplanar deuterium. This is consistent with a lesser
delocalization of a syn lone pair. It is also consistent with the
conformational dependences of the calculatedH®ond length
and C-D frequency in methylamine or methylamide-

It is remarkable that such small IEs can be measured. Even
the relative basicities of cis and translz or of 8-dexo and8-Uendo
can be measured. These are true isotopomers, or stereocisomers
that differ only in the position of an isotope. Thus it is possible
to document the stereochemical dependence of deuterium IEs
on amine basicity.
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