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(Abstract: Several amines with three bulky alkyl groups at
the nitrogen atom, which exceed the steric crowding of trii-
sopropylamine significantly, were synthesized, mainly by
treating N-chlorodialkylamines with Grignard reagents. In six
cases, namely tert-butyldiisopropylamine, 1-adamantyl-tert-
butylisopropylamine, di-1-adamantylamines with an addi-
tional N-cyclohexyl or N-exo-2-norbonyl substituent, as well
as 2,2,6,6-tetramethylpiperidine derivatives with N-cyclohexyl
or N-neopentyl groups, appropriate single crystals were gen-
erated that enabled X-ray diffraction studies and analysis of
the molecular structures. The four noncyclic amines adopt
triskele-like conformations, and the sum of the three C—N—C
angles is always in the range of 351.1° to 352.4°. Conse-
quently, these amines proved to be structurally significantly

\

flatter than trialkylamines without steric congestion, which is
also signalized by the smaller heights of the NC; pyramids
(0.241-0.259 A). There is no clear correlation between the
heights of these pyramids and the degree of the steric
crowding in the new amines, presumably because steric re-
pulsion is partly compensated by dispersion interaction. In
the cases of the two heterocyclic amines, the steric stress is
smaller, and the molecular structures include quite different
conformations. Quantum chemical calculations led to precise
gas-phase structures of the sterically overcrowded trialkyla-
mines exhibiting heights of the NC; pyramids and preferred
molecular conformers which are similar to those resulting
from the X-ray studies.

/

Introduction

The amine entity belongs to the most important functional
groups in chemistry." Quite distinct classes of amines are in
the center of interest depending on the different properties
and the respective fields of application. Tertiary and secondary
amines with sterically demanding alkyl substituents, such as
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Hiinig’s base 1 and 2,2,6,6-tetramethylpiperidine (2),”) play a

major role as Brgnsted bases with low nucleophilicity or as pre-
cursors of persistent nitroxyl radicals, like 3, which are used
for spin labeling tools (Figure 1).”) Many heterocyclic com-
pounds of type 4 and free radicals derived from these piperi-
dines serve as polymerization inhibitors and photostabilizers,
well known as hindered amine light stabilizers (HALS)."® Similar
substances were recently introduced as base in frustrated
Lewis pairs.”’ Furthermore, amines with bulky alkyl groups
were studied in view of their pharmacological activity.®! Finally,
some sterically hindered amines have come into industrial use
in gas-treating processes.”

In academia, other features than applications, such as new
records of steric congestion"” and molecular structures of trial-
kylamines, are often in the focus of attention. Especially, the
question whether amines with three bulky alkyl groups will
adopt a planar instead of the pyramidal nitrogen atom to mini-

R' R?

(o} R

1 2 3 4
Hunig's base TEMPO HALS

Figure 1. Sterically hindered amine derivatives with wide ranges of applica-
tions.
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mize the interaction of the amine substituents, has held a cer-
tain fascination for chemists."” This question was mainly inves-
tigated by analyzing triisopropylamine (5) since other repre-
sentatives with significantly higher steric distress were not ac-
cessible up to quite recently (Figure 2). Based on the results of
electron diffraction studies, 5 should be very nearly planar
about nitrogen with a value for the C—N—C bond angle of
119.2(3)°. Thus, a sum of the angles at the nitrogen atom of
357.6° was detected, which is quite close to 360°, an indication
of a planar structure.'” This outcome was claimed to be con-
firmed by NMR investigations."” However, low-temperature
single-crystal X-ray diffraction of 5 led to the C—N—C angle of
116.2(1)° and a sum of angles of 348.6°; thus a height of the
NC; pyramid (nitrogen at the top) of 0.27-0.29 A (depending
on temperature) was determined." The latter value is more
than a half of the corresponding height in triethylamine (6),
which amounts to 0.467 A. In the solid state, the molecule of 5
obviously adopts a somewhat flatter pyramid instead of a
planar structure," and this is significantly different to the cor-
responding results of the gas-phase electron diffraction." It
might be argued that crystal field effects are possibly responsi-
ble for the non-planar molecular structure of 5 in a crystallized
solid.

Herein, we describe the synthesis of several trialkylamines,
which include significantly higher steric crowding than 5. In
the six cases of amines 8a and 8 e-i, generation of single crys-
tals and X-ray diffraction were successful to analyze the molec-
ular structures. Based on these results, quantum chemical cal-
culations led to precise gas-phase structures of the title com-
pounds.

RN 5 R=iPr h=027-029A h N
6 R=Et h=0467A é\';

Figure 2. Pyramidal structures of amines 5 and 6 in the solid state.

Results and Discussion
Synthesis of the amines

We mainly prepared tertiary amines 8, in which steric distress
surpasses that of the standard compound 5 distinctly, by treat-
ing N-chlorodialkylamines 7 with Grignard reagents in the
presence of a major excess of tetramethylethylenediamine
(TMEDA)."%"® The substrates 7 were easily available by chlori-
nation of the corresponding secondary amines with the help
of N-chlorosuccinimide.'® Moderate yields of the alkylation
products 8 were achieved as depicted in Table 1;'”" however, in
some cases, alternative methods led to better yields of the de-
sired amines. For example, target compound 8a was also ac-
cessible by transforming formamide 9 into the respective
chloroiminium chloride with the aid of oxalyl chloride, followed
by the reaction with two equivalents of methylmagnesium
bromide (Scheme 1). Furthermore, in situ generation of 1-ada-
mantyl triflate™ by exposure of bromide 10 to silver triflate
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Table 1. Synthesis of tertiary amines 8 from N-chlorodialkylamines 7.
Rl _R?  R3MgX R' _R?
TMEDA h
I 1
o] R®
7 8
R' R? R*MgX Yield of 8 [%]“
a t-Bu i-Pr i-PrMgCl 46
b tBu t-Bu i-PrMgCl 32
c tBu t-amyl i-PrMgCl 26
d t-amyl t-amyl i-PrMgCl 19
e t-Bu 1-adamantyl i-PrMgCl 24
f 1-adamantyl 1-adamantyl CyMgCl 25
g 1-adamantyl 1-adamanty! norbornyl-MgBr® 16
h CMe,CH,C(OCH,CH,0)CH,CMe,  CyMgCl 18
i CMe,CH,C(OCH,CH,0)CH,CMe,  t-BuCH,MgBr 23
j  CMe,(CH,);CMe, t-BuCH,MgBr 35
[a] Isolated yields. [b] 2-exo-Norbornyl Grignard reagent.

)(N 1 cocn, 2 memger )(N A
CHO PR

9 >< 8a, 62%
NH
AgOTf )\ ><
Br —_— > N
K,CO3 )\
10 8e, 63%

Scheme 1. Synthesis of amines 8a and 8e by using alternative methods.

and subsequent treatment with tert-butylisopropylamine yield-
ed the desired product 8e.1"”

Crystal and molecular structures of the amines

In the case of 8a,b,d,j, the title compounds proved to be color-
less liquids at room temperature, whereas highly viscous lig-
uids or waxy solids were obtained in other cases, and crystal-
line solids resulted by handling of 8e-h in methanol at differ-
ent temperatures. Owing to the low melting points and the
tendency to form plastic/disordered crystals, the crystallization
and subsequent data collection as well as structure solution
and refinement were very challenging for the compounds 8a,
8e, 8f, 89, 8h, and 8i. Unfortunately, all attempts to obtain
crystals which were suitable for structure determination with
atomic resolution failed for compounds 8b, 8¢, 8d, and the
known™ model compound tri-tert-butylmethanol. The struc-
ture solution and refinement were performed using the pro-
grams SHELXS,®" SHELXT®? or Superflip®®® (for structure solu-
tion) and SHELXL®" (for refinement) embedded in Olex2.””
Thus, single-crystal X-ray studies were successful for 8a and
the five amines 8 e—i, some crystallographic details are given in
Table 2 (comprehensive data™®).

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 2. Some crystallographic details of amines 8a and 8e-i.'**®
8a 8e 8f 8g 8h 8i
Empirical formula C,oH,5N Cy;H5;N CyeHuN Cy;HuN C,,H;;NO, Cy6H5,NO,
Formula weight 157.29 24943 367.60 379.61 281.43 269.42
Temperature [K] 100 100.0 100 100.00(13) 100 99.97(13)
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P2,/n P2,/c P2,/n P2, C2/m P2,/c
alAl 6.3045(10) 18.776(5) 16.46750(10) 6.4481(4) 14.812(7) 12.6810(15)
b [A] 11.2957(17) 6.4752(18) 6.46350(10) 16.6531(7) 8.785(4) 22.441(2)
c[A] 15.212(12) 24.315(6) 19.8240(2) 10.1178(6) 6.285(3) 12.6112(15)
a[’] 90 90 90 90 90 90
B 97.947(2) 90.017(4) 102.7450(10) 105.420(6) 104.877(6) 116.987(15)
y[°] 90 90 920 90 90 90
Volume [A’] 1072.9(3) 2956.2(14) 2058.03(4) 1047.35(10) 790.3(6) 3198.0(7)
Z 4 8 4 2 2 8
Peaic [gcm™’] 0.974 1.121 1.186 1.204 1.183 1.119
wImm™] 0.056 0.063 0.493 0.502 0.076 0.072
F(000) 360.0 1120.0 816.0 420 312.0 1200.0
Crystal size [nm?] 0.6x0.3x0.3 0.711x0.216x0.086 0.168%x0.129%x0.074 0.155x0.046x0.029 0.404x0.403 x0.24 0.5x0.5x0.5
Radiation MoKa MoKa CuKa CuKa MoKa MoKa
A 1A (A=0.71073) (A=0.71073) (A=1.54184) (A=1.54184) (A=0.71073) (A=0.71073)
20 range for data 4.506 to 62.936 1.674 to 50.816 6.33 to 160.578 9.066 to 136.488 5.44 to 62.98 3.604 to 54.202
collection [°]
Index ranges —8<h<s, —22<h<22, —20<h <20, —-6<h<7, —21<h<20, —16<h<16,
—16<k<15, —7<k<7, —8<k<7, —20<k<20, —12<k<12, —28<k<28,
—21<1<22 —29<1<29 —25<1<25 —12<1<12 —9<1<38 —16<1<16
Reflections 12400 33220 232051 3721 4638 54266
collected
Independent 3276 [R,,=0.0248, 5434 [R,,=0.0607, 4451 [R,,=0.0756, 3721 [R,,=0.095, 1297 [R,,;=0.0360, 7051 [R,,=0.0686,
reflections Rejgma=0.0215] Rejgma=0.0371] Rejgma=0.0128] Rejgma=0.0122] Rejgma = 0.0367] Rejgma = 0.0478]
Data/restraints/ 3276/0/192 5434/0/336 4451/0/409 3721/1/254 1297/182/171 7051/0/357
parameters
Goodness-of-fit 1.072 1.034 1.114 1.048 1.060 1.026
on F?
Final R indexes R1=0.0539, R1=0.0435, R1=0.0579, R1=0.0878, R1=0.0495, R1=0.0548,
[I>=2°(] wR2=0.1395 wR2=0.0987 WwR2=0.1342 wR2=0.2420 wR2=0.1266 wR2=0.1147
Final R indexes R1=0.0594, R1=0.0556, R1=0.0585, R1=0.0928, R1=0.0799, R1=0.0830,
[all data] wR2=0.1447 wR2=0.1044 wR2=0.1346 wR2=0.2480 wR2=0.1418 wR2=0.1284
Largest diff. 0.56/—0.20 0.26/—0.19 0.38/—0.24 1.04/—-0.24 0.10/-0.16 0.23/-0.22
peak/hole [eA~3]
ccpc 2002567 2002569 2002571 2002570 2002568 2004218

The molecular structure of amine 8a in the single crystal
shows a triskele-like conformation with three arms around the
nitrogen atom [N1-C1-C4, N1-C5-H(C5), and N1-C8-H(C8), see
Figure 3], which obviously enables optimal packing of the
bulky alkyl groups. Similar triskele-like conformations were also
detected in the case of the three other noncyclic amines 8e,
8f, and 8g (Figure 4). These preferred conformations can be
characterized by selected, roughly antiperiplanar torsion
angles as depicted in Table 3. When the C—N bond lengths of
8a are compared with those of the sterically more stressed
amines 8e, 8f, and 8¢, slightly greater values are found in the
latter cases, even for C—N bonds connecting the same alkyl
group with nitrogen; for example, tBu-N in 8a leads to a bond
length of 1.4786(10) A, whereas 8e revealed 1.491(3) A. The
greatest C—N distances were always experimentally observed
for the nitrogen-attached 1-adamantyl units (1.50-1.52 A). The
C—N—C bond angles ranged from 109.7 to 123.2° (Table 3). As
expected, a small angle was detected for the iPr—N—iPr group
in 8a [113.17(6)°], while the greatest angle value resulted for
amine 8f, in which nitrogen is bridging two 1-adamantyl moi-
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eties. However, two quite different C—N—C angles were found
in single amines even if the nitrogen is connected with a pair
of the same alkyl groups. For example, the molecular structure
of 8f includes two Ci_,gamanty—N—Ceycioneyt @ngles of 109.70(13)
and 119.49(13)°; in the case of the smaller angle, the H(C1)—C1

Figure 3. Molecular structure of amine 8a as determined from the crystal
structure analysis; the triskele-like conformation is emphasized by red color.
The ellipsoids are shown at the 50% probability level.?”

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Molecular structures of the amines 8e (left), 8 f, and 84 (right) in the solid state; the triskele-like conformations are emphasized by red color. All el-
lipsoids are shown at the 50% probability level.””

Table 3. Some molecular details of amines 8a and 8 e-i resulting from X-ray studies."®?"

8a 8el® 8f 8¢g 8h 8i®
C—N bond lengths [Al 1.4786(10) 1.516(3) 1.490(2) 1.501(7) 1.492(4) 1.4751(19)
1.4757(10) 1.491(3) 1.500(2) 1.508(6) 1.486(3) 1.498(2)
1.473910) 1.481(3) 1.518(2) 1.484(7) 1.485(3) 1.493(2)
Bond angles at 122.77(6) 122.86(17) 119.49(13) 120.8(4) 110.6(7) 113.96(12)
nitrogen [°] 115.60(6) 110.57(15) 109.70(13) 111.1(4) 119.2(2) 114.15(12)
113.17(6) 117.71(18) 123.17(13) 120.4(4) 120.6(7) 116.60(12)
Sum of the three 351.54 351.14 352.36 3523 3504 344.71
angles at nitrogen [°] 351.20 34437
Height of the NC; 0.2537(3) 0.2588(19) 0.2410(18) 0.243(5) 0.268(3) 0.3414(16)
pyramid (nitrogen 0.2585(19) 0.3450(17)

at the top) [A]

Selected torsion angles [°] C1-N1-C5-H(C5) C1-N1-C11-C12 C1-N1-C17-C19 C1-N1-C11-C14 N1-C1-C2-C3 C1-N1-C6-C9

166.0(7) 178.20(16) 176.20(14) —173.7(4) 167.4(6) —169.93(13)
C5-N1-C8-H(C8) C11-N1-C15-H(C15) C7-N1-C1-H(C1) C11-N1-C21-H(C21) N1-C1-Cé-C5 C1-N1-C12-C11
165.5(7) —162.65(1) 164.8(12) —163.7(5) —171.0(6) 169.08(13)
C8-N1-C1-C4 C15-N1-C1-Cé C17-N1-C7-C9 C21-N1-C1-C2 C1-N1-C7-C8
—177.45(7) —176.79(16) 179.30(15) 178.0(5) 171.0(6)

C1-N1-C11-C10

—162.3(7)

[a] A second molecule in the asymmetric unit leads to another set of C—N bond lengths with 1.497(3), 1.497(3), and 1.501(3) A and another set of bond
angles at nitrogen with 122.11(7), 110.00(16), and 119.09(17)° as well as another set of the corresponding torsion angles."® [b] A second molecule in the
asymmetric unit leads to another set of C—N bond lengths with 1.475(2), 1.490(2), and 1.499(2) A and another set of bond angles at nitrogen with
114.16(12), 113.56(13), and 116.65(12)° as well as another set of the corresponding torsion angles."®

bond (triskele arm) points to a 1-adamantyl! unit, and obviously
this is sterically more favorable than the interaction of C2 and
C6 of the cyclohexyl group with the C7-C9 moiety (another
triskele arm) of the other 1-adamantyl substituent (Figure 4). A
similar situation was detected in the molecular structure of 8g
indicating two rather distinct C_,gamanty—N—Cy.norbormyl angles of
111.1(4) and 120.4(4)°.

Even though the C—N—C bond angles vary significantly, the
sum of the three angles at the nitrogen atom is always in the
range of 351.1 to 352.4° in the cases of the noncyclic amines
84, 8e, 8f, and 8g. Hence, the four amines proved to be struc-
turally flatter than triisopropylamine (5), which is also demon-
strated by the smaller heights of the NC; pyramids (0.241-
0.259 A) as shown in Table 3. However, there is obviously no
clear correlation between the heights of these pyramids and
the increasing degree of the steric stress in the order 8a, 8e,
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8f, 89g. This result may lead to the assumption that there is a
limit in the height of NC; pyramids, which cannot be signifi-
cantly smaller than 0.24 A even in the case of sterically over-
crowded trialkylamines.

Since product 8g was prepared from 7 and an equilibrating
mixture of exo- and endo-2-norbornylmagnesium bromide™
(Table 1), an alternative stereoisomeric structure of this tertiary
amine including an endo-2-norbornyl group was also thinkable.
Thus, the X-ray crystal structure analysis confirmed now the
exo-2-norbornyl structure of 8g, which was previously assigned
by NMR spectroscopy."® Recently, two non-equivalent rotamers
of 8e were detected in a 5:1 ratio using high resolution NMR
methods. Because this amine bears three different bulky alkyl
groups, it obviously is able to adopt two distinct triskele-like
conformations in solution."® The main rotamer in solution cor-
responds to the molecular structure of 8e in the single crystal.

© 2020 The Authors. Published by Wiley-VCH GmbH
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In the molecular structures of the heterocyclic amines 8h
and 8i, determined by the X-ray crystal structure analysis, the
piperidine rings and also the cyclohexane ring of 8h adopt
chair conformations (Figure 5). The amino group at the cyclo-
hexane moiety of 8h is in an equatorial position, and the same
is true for the cyclohexyl and the neopentyl groups at the pi-
peridine units of 8 h and 8i, respectively. These equatorial posi-
tions are confirmed by roughly antiperiplanar torsion angles as
depicted in Table 3. However, the conformations of the exocy-
clic substituents at the nitrogen atoms are quite different:
Whereas H(C1) of the cyclohexyl group points to C7 and the
angles C1-N1-C7 [110.6(7)°] and C1-N1-C11 [120.4(4)°] are
rather distinct in 8h, the molecular structure of 8i is more
symmetric with similar angles C1-N1-C6 [113.96(12)°] and C1-
N1-C12 [114.15(12)°] as well as similar absolute values of the
torsion angles C2-C1-N1-C6 [111.14(16)°] and C2-C1-N1-C12
[—111.44(16)°]; furthermore, torsion angle N1-C1-C2-C4 [4.7(2)°]
is very small.

Although amine 8h bears a secondary and two tertiary alkyl
groups at the nitrogen, the steric stress is smaller than that of
8e, 8f, and 89 because of the piperidine ring structure, which
connects both tertiary alkyl moieties in 8h. Consequently, the
sum of the three angles at the nitrogen atom of 8h is slightly
smaller and the height of the NC; pyramid is somewhat great-
er than the corresponding values of amine 8a that includes
two secondary and only a single tertiary alkyl group at nitro-
gen (Table 3). In the case of the compound 8i with a primary
alkyl unit at the piperidine N-atom, the sum of the three C—N—
C angles proves to be significantly smaller than that of triiso-
propylamine (5); and the height of the NC; pyramid is consid-
erably greater than that of 5.

We do not believe that crystal field effects are responsible
for the non-planar molecular structures of our sterically over-
crowded trialkylamines. In order to confirm this assumption,
structural characterization of these amines in the gas phase,
based on high-quality quantum chemical calculations, will be
helpful.

Quantum chemical calculations

In order to elucidate the effect of crystallization further, we did
detailed calculations on all the species in the gas as well as the
solid crystalline phase. Furthermore, we computed other simi-
lar compounds with smaller alkyl groups. Finally, we did a con-
formational search of all the systems 8a-8j, in order to see if
the conformer in the periodic crystal indeed corresponds to
the minimum structure found in the gas phase.

The effect of different generalized gradient approximation
(GGA) density functionals is also tested. In Table 4, we compare
the experimental crystal structures to the experimental one
and its gas phase structures.

Since different GGA functionals, like BLYP, PBE, and even the
average of our computed methods yield very similar results,
we do not believe that these will change when using another,
different method. The computed crystal structures have a
lower height of the NC; pyramid than the experimental ones,
probably due to temperature and zero-point effects on the cell
volume. And whereas the height is even lower in the gas
phase of the less crowded compounds 8a, 8e, and 8h, it be-
comes larger for the gas phase of 8f, 8g, and 8i. Still, all of
the reported heights are in the range of 0.225-0.350 A, indicat-
ing that this is the value to be expected for such compounds.

Less hindered trialkylamines, such as trimethylamine, usually
exhibit larger NC; heights. For triethylamine (6) and tripropyla-
mine, different conformers will of course give different values
for the heights. This is illustrated in Table 5, where the pyrami-
dal NC; height can also vary widely between 0.3 and 0.45 A. In
order to discuss not only the pyramidal heights, but also the

Table 4. Effect of different methods and the environment on the molecu-
lar structures 8a, 8e, 8f, 8g, 8h, and 8i on the height of the NC; pyra-
mid (nitrogen at the top) in A.

exp. DFT average® BLYPEY 4 D3BY PBE®? + D3

crystal gas crystal gas crystal  gas
8a 0.254 0.243 0.230 0.245 0.230 0.245 0.232
8e 0.259 0.254 0.242 0.258 0.241 0.250 0.240
8f 0.241 0.226 0.247 0.223 0.248 0.228 0.246
8¢9 0.243 0.234 0.236 0.232 0.237 0.232 0.234
8h 0.268 0.253 0.243 0.254 0.239 0.251 0.240
8i 0.341 0.318 0.329 0.316 0.325 0.319 0.328

[a] Average of the BLYP® +D3,% optB88-vdW,®" PBE®? + D3, PBE +TS,**
RPBERY + D3 and vdW-DF25*! GGA functionals.

Table 5. Different gas phase conformers of tertiary amines R;N with their
pyramidal NC; heights in A using B3LYP +D3/TZVPPD. The energy differ-
ences to the lowest conformer are given in kJmol ™.
R methyl ethyl n-propyl isopropyl
NG, Energy NG, Energy NG Energy NG
1 0.430 0 0.424 0 0.411 0 0.200
2 2.1 0.423 1.9 0.415 15.3 0.330
) ) . o 3 32 0388 32 0419 157 0.21
Figure 5. Molecular structures .o'f the arr[12|7r]1es 8h (top) and 8i. All el!lpsmds 4 75 0301 44 0373 259 0.287
are shown at the 50% probability level.””" Hydrogen atoms are omitted for 5 46 0370
clarity.
Chem. Eur. J. 2021, 27, 3700 - 3707 www.chemeurj.org 3704 © 2020 The Authors. Published by Wiley-VCH GmbH
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energies needed to make the molecule more planar, we en-
forced the NGC; substructure to be in one plane; we set the di-
hedral angles to zero regarding all CNC planes and reopti-
mized the minimum configurations. Although this is not neces-
sarily the transition state on the potential energy surface since
all side groups will have to invert as well, it yields an estimate
of the umbrella motion for the minimum structure to become
planar. For trimethylamine, the B3LYP®® 4+ D3/TZVPPD®" barrier
is rather high with as much as 31.2 kJmol™', whereas it is low-
ered to 15 kJmol™" for triethylamine and 15.9 ki mol™' for tri-n-
propylamine. The optimized B3LYP/TZVPPD structures without
dispersion yield 29.1, 17.9, and 15.2 kJmol™, respectively, im-
plying that the barrier for trimethylamine and tripropylamine
are somewhat lowered by van der Waals interactions, whereas
for triethylamine, it is larger.

Triisopropylamine (5), which has been previously mentioned
and investigated more than 20 years ago, is a particular inter-
esting case: A similar analysis between the planar and the
non-planar structure in the gas phase of this compound yields
an extremely low inversion barrier of only 2.4 kJmol™' and a
pyramidal height of only 0.200A for B3LYP+ D3/TZVPPD.
Whereas basis set limit CCSD(T)" increases this barrier to 4.8-
5.3 kJmol™' depending on the geometry used, the zero-point
energy contribution lowers the barrier by 3.0 kJmol™". Thus, in-
cluding the zero-point energy contribution and using more ac-
curate post-Hartree-Fock methods, we would end up around
1.8-2.3 kJmol™' energy difference between the planar and the
non-planar structure. The transition state has an extremely
small imaginary frequency of 88 cm™ when using B3LYP 4 D3,

When neglecting dispersion, the value of 2.4 kJmol™" de-
creases the B3LYP barrier by 1.4 kimol™ to 1.0 kymol™". Since
in a molecular crystal, the dispersion is more uniform than for
a single molecule, this decrease may explain that we obtain an
almost planar structure with an height of 0.03 A, rather inde-
pendent on the functional used when reoptimizing the solid
crystal structure of this compound which has been reported as
disordered with a pyramidal height of 0.291 A.l"¥

Interestingly, the calculations provide exactly the opposite
results than experiment, in which the gas phase structure was
determined to be planar,? whereas the crystal structure was
non-planar: For the gas phase, this is likely due to the extreme-
ly flat potential energy surface around the minimum structure.
For the solid phase, we were not able to discern the exact
cause of this discrepancy between experiment and theory: It is
not the thermal and zero-point expansion of the cell volume,
as larger cell volumes yield similar planar structures. The culprit
for these differences are either the underestimation of DFT for
the barrier in general or thermal motions which are not easily
described by and modelled by theory.

Continuing with compounds 8a-8j synthesized, a similar
analysis like in Table 5 is performed in Table 6, whereas an anal-
ysis of 8g and 8i only gives one conformer within a given
energy range of 30 kJmol™". It is important to note that in all
cases, the lowest energy structure of the gas phase is the one
also found in the crystalline phase, see Figures 3, Figure 4, and
Figure 6 with structures of 8a, 8e, 8, and 8g. Perhaps contra-
ry to initial intuition, the barriers to planarity and the pyrami-
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Table 6. Gas phase conformer effects on the pyramidal NC; heights in A
using B3LYP-+D3/TZVPPD of the five lowest conformers of the com-
pounds 8a--8j. The second row E is the same as the column “Energy” in
Table 5, displaying the energy difference to the lowest conformer in
kJmol~".

8a 8b 8¢ 8d 8e 8f 8h 8j

1 0219 0229 0226 0256 0231 0233 0223 0309
ES 6.1 133 105 104 102 242
2 0202 007 0228 0214 0202 0092 008 0316
E 40 118 04 13 44 97 69 05

3 0149 0210 0214 0239 0238 0216 0212 0353
E 263 222 53 39 44 246 102 44

4 0225 0214 0075 0.104 0207
E 71 47 125 233 127
5 0217 0204 0.100 0.292
E 81 83 130 16.0

[a] Energy difference of the lowest energy conformer 1 and when reopti-
mizing this configuration with its pyramidal height set to zero by defining
the dihedral angles regarding all CNC planes to zero.

Figure 6. Lowest energy structures of amines 8a, 8¢, 8f, and 89 in the gas
phase calculated using B3LYP -+ D3/TZVPPD. The triskele-like conformations
are emphasized by red color.

dal NGC; heights increase again after being rather small for
compound 8a. This is an effect to the van der Waals interac-
tions of the large, bulky groups, which attract each other:
When optimizing all structures without extra dispersion, using
just B3LYP/TZVPPD (without D3 correction), all barriers of the
more bulky compounds 8a-8j investigated are lowered and
all pyramidal heights are consequently lowered.

In general, the conformational structure seems to have a
very large effect on the planarity. For example, compound 8e
has one almost planar structure when being in a conformer
which is about 13 kimol™' above the gas phase minimum
structure, and 8 f one conformer which is about 10 kJmol™'
above the gas phase minimum. In case a crystal structure
could trap one of these conformers in a polymorph, we would
obtain an NGC; height close to zero. Overall, this effect thus
shows structures (in the gas phase) in a much wider range

© 2020 The Authors. Published by Wiley-VCH GmbH
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than the different crystal structures of the synthesized com-
pounds, ranging between 0.08 and 0.33 A for the NC; heights.

Conclusions

In summary, the molecular structures of our sterically over-
crowded trialkylamines, which do not include any & system or
hetero atom in proximity to the nitrogen atom, proved to be
pyramidal with NC; heights that are significantly smaller than
those of simple species such as trimethylamine or triethyla-
mine. Tertiary amines with heteroatom functionalities in the o
or  positions were previously investigated, also by using X-ray
studies, and led to nearly planar molecular structures, which
were explained by orbital interaction effects.*® In our cases of
trialkylamines, steric effects alone obviously cannot enforce
complete planarization of the amine nitrogen. Crystal field ef-
fects are not responsible for the non-planar structures of such
trialkylamines because characterization in the gas phase, based
on high-quality quantum chemical calculations, led to structur-
al results which are similar to those of single-crystal X-ray dif-
fraction analysis. On the one hand, van der Waals interactions
of the bulky alkyl groups are a plausible explanation that even
record-breaking steric stress cannot enforce complete planari-
zation of the nitrogen atom. On the other hand, dispersion®”
plays also a role in the molecular structures of the title com-
pounds.

As shown by our X-ray studies as well as quantum chemical
calculations for the molecules in the gas phase, the noncyclic
amines 8a and 8e-g adopt triskele-like conformations, which
can be utilized to interpret the corresponding temperature-de-
pendent high-resolution NMR spectra. The same is true for the
quite different conformations of the heterocyclic amines 8h
and 8i. Currently, we are investigating rotation processes
within these amines with the help of dynamic NMR spectrosco-
py. Furthermore, we are trying to prepare tertiary amines with
even more steric crowding, for example, open-chain tri-tert-al-
kylamines, by oxidative ring opening of unsaturated 2,2,6,6-tet-
ramethylpiperidines and 2,2,5,5-tetramethylpyrrolidines.

Acknowledgements

Generous support by the Deutsche Forschungsgemeinschaft
(BA903/17-1) is gratefully acknowledged. We thank Prof. Hans-
jorg Grutzmacher for valuable and helpful discussions, and
Simon Solari for crystallizing the compounds 8 f and 8g. Open
access funding enabled and organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: amines - molecular structures
chemistry - steric hindrance - X-ray diffraction

quantum
[1] D. Enders, Science of Synthesis, Vol. 40a, Thieme, Stuttgart, 2008.
[2] S. Hunig, M. Kiessel, Chem. Ber. 1958, 91, 380-392.

Chem. Eur. J. 2021, 27, 3700 - 3707 www.chemeurj.org

[3]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]
[23]

[24]
[25]

[26]

[27]

3706

a) D. Kampmann, G. Stuhlmiller, R. Simon, F. Cottet, F. Leroux, M.
Schlosser, Synthesis 2005, 1028-1029; b) M. Dagonneau, E.S. Kagan,
V. I. Mikhailov, E. G. Rozantsev, V. D. Sholle, Synthesis 1984, 895-916.

S. Barriga, Synlett 2001, 0563.

a) T. J. Stone, T. Buckman, P. L. Nordio, H. M. McConnell, Proc. Natl. Acad.
Sci. USA 1965, 54, 1010-1017; b) J. F. W. Keana, Chem. Rev. 1978, 78,
37-64.

a) E.N. Step, N.J. Turro, M. E. Gande, P.P. Klemchuk, Macromolecules
1994, 27, 2529-2539; b) M. Dagonneau, V.B. Ivanoy, E. G. Rozantsev,
V. D. Sholle, E.S. Kagan, J. Macromol. Sci. Polym. Rev. 1982, 22, 169-
202; ¢) T. Kurumada, H. Ohsawa, T. Fujita, T. Toda, T. Yoshioka, J. Polym.
Sci. Polym. Chem. 1985, 23, 1477 -1491.

V. lashin, K. Chernichenko, I. Papai, T. Repo, Angew. Chem. Int. Ed. 2016,
55, 14146 - 14150; Angew. Chem. 2016, 128, 14352 -14356.

a)R. Hiltmann, H. Wollweber, W. Wirth, R. Gosswald, Angew. Chem.
1960, 72, 1001; b) L. Kurti, Science 2015, 348, 863 - 864.

a) G. Sartori, D. W. Savage, Ind. Eng. Chem. Fundam. 1983, 22, 239-249;
b) R. J. Hook, Ind. Eng. Chem. Res. 1997, 36, 1779-1790.

a) K. Banert, M. Heck, A. Ihle, J. Kronawitt, T. Pester, T. Shoker, J. Org.
Chem. 2018, 83, 5138-5148; b)V. Chaplinski, A. de Meijere, Angew.
Chem. Int. Ed. Engl. 1996, 35, 413-414; Angew. Chem. 1996, 108, 491 -
492; ) P. Wyatt, C. P. Butts, V. Patel, B. Voysey, J. Chem. Soc. Perkin Trans.
1 2000, 4222-4223; d) M. Yang, T. Albrecht-Schmitt, V. Cammarata, P.
Livant, D. S. Makhanu, R. Sykora, W. Zhu, J. Org. Chem. 2009, 74, 2671 -
2678.

a) J. March, Advanced Organic Chemistry: Reactions, Mechanisms, and
Structure, McGraw-Hill, Tokyo, 1968, pp.123-124; b)M.B. Smith,
March’s Advanced Organic Chemistry, 7th ed., Wiley, Hoboken, 2013,
p. 206.

H. Bock, I. Gobel, Z. Havlas, S. Liedle, H. Oberhammer, Angew. Chem. Int.
Ed. Engl. 1991, 30, 187 -190; Angew. Chem. 1991, 103, 193 -196.

a) T. C. Wong, L. R. Collazo, F. S. Guziec, Tetrahedron 1995, 51, 649-656;
b) J. E. Anderson, D. Casarini, L. Lunazzi, J. Org. Chem. 1996, 61, 1290 -
1296.

R. Boese, D. Blaser, M.Y. Antipin, V. Chaplinski, A. de Meijere, Chem.
Commun. 1998, 781-782.

Originally, this procedure was developed for arylation of N-chloro sub-
strates, see: T. Hatakeyama, Y. Yoshimoto, S.K. Ghorai, M. Nakamura,
Org. Lett. 2010, 12, 1516-1519.

For details, see the Supporting Information.

Even under forcing conditions, attempts to prepare 8j by treating 2
with neopentyl iodide or triflate were unsuccessful, see: A. M. Belostot-
skii, H. E. Gottlieb, P. Aped, Chem. Eur. J. 2002, 8, 3016 -3026.

K. Takeuchi, T. Moriyama, T. Kinoshita, H. Tachino, K. Okamoto, Chem.
Lett. 1980, 9, 1395-1398.

For other, somewhat less effective synthetic methods to prepare
amines such as 8a,b,e, see ref. [10a].

a) P.D. Bartlett, A. Schneider, J. Am. Chem. Soc. 1945, 67, 141-144;
b) P. D. Bartlett, E. B. Lefferts, J. Am. Chem. Soc. 1955, 77, 2804-2805;
c) P.T. Wolczanski, Polyhedron 1995, 14, 3335-3362; d) E. Hemmer, C.
Cavelius, V. Huch, S. Mathur, Inorg. Chem. 2015, 54, 6267 -6280; e) E.
Hemmer, V. Huch, M. Adlung, C. Wickleder, S. Mathur, Eur. J. Inorg.
Chem. 2011, 2148-2157; f) I. Majerz, |. Natkaniec, J. Mol. Struct. 2006,
788, 93-101.

G. M. Sheldrick, Acta Crystallogr. Sect. A 2008, 64, 112-122.

G. M. Sheldrick, Acta Crystallogr. Sect. A 2015, 71, 3-8.

a) L. Palatinus, G. Chapuis, J. Appl. Crystallogr. 2007, 40, 786-790; b) L.
Palatinus, A. van der Lee, J. Appl. Crystallogr. 2008, 41, 975-984; c)L.
Palatinus, S.J. Prathapa, S. van Smaalen, J. Appl. Crystallogr. 2012, 45,
575-580.

G. M. Sheldrick, Acta Crystallogr. Sect. C 2015, 71, 3-8.

0. V. Dolomanov, L.J. Bourhis, R.J. Gildea, J. A. K. Howard, H. Pusch-
mann, J. Appl. Crystallogr. 2009, 42, 339-341.

Deposition numbers 2002567 (8a), 2002569 (8e), 2002571 (8f), 2002570
(8g), 2002568 (8h), and 2004218 (8i) contain the supplementary crystal-
lographic data for this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.

L. J. Farrugia, J. Appl. Crystallogr. 2012, 45, 849-854.

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/cber.19580910223
https://doi.org/10.1002/cber.19580910223
https://doi.org/10.1002/cber.19580910223
https://doi.org/10.1055/s-1984-31014
https://doi.org/10.1055/s-1984-31014
https://doi.org/10.1055/s-1984-31014
https://doi.org/10.1055/s-2001-12332
https://doi.org/10.1073/pnas.54.4.1010
https://doi.org/10.1073/pnas.54.4.1010
https://doi.org/10.1073/pnas.54.4.1010
https://doi.org/10.1073/pnas.54.4.1010
https://doi.org/10.1021/cr60311a004
https://doi.org/10.1021/cr60311a004
https://doi.org/10.1021/cr60311a004
https://doi.org/10.1021/cr60311a004
https://doi.org/10.1021/ma00087a022
https://doi.org/10.1021/ma00087a022
https://doi.org/10.1021/ma00087a022
https://doi.org/10.1021/ma00087a022
https://doi.org/10.1080/07366578208081062
https://doi.org/10.1080/07366578208081062
https://doi.org/10.1080/07366578208081062
https://doi.org/10.1002/pol.1985.170230520
https://doi.org/10.1002/pol.1985.170230520
https://doi.org/10.1002/pol.1985.170230520
https://doi.org/10.1002/pol.1985.170230520
https://doi.org/10.1002/anie.201608520
https://doi.org/10.1002/anie.201608520
https://doi.org/10.1002/anie.201608520
https://doi.org/10.1002/anie.201608520
https://doi.org/10.1002/ange.201608520
https://doi.org/10.1002/ange.201608520
https://doi.org/10.1002/ange.201608520
https://doi.org/10.1002/ange.19600722417
https://doi.org/10.1002/ange.19600722417
https://doi.org/10.1126/science.aab2812
https://doi.org/10.1126/science.aab2812
https://doi.org/10.1126/science.aab2812
https://doi.org/10.1021/i100010a016
https://doi.org/10.1021/i100010a016
https://doi.org/10.1021/i100010a016
https://doi.org/10.1021/ie9605589
https://doi.org/10.1021/ie9605589
https://doi.org/10.1021/ie9605589
https://doi.org/10.1021/acs.joc.8b00496
https://doi.org/10.1021/acs.joc.8b00496
https://doi.org/10.1021/acs.joc.8b00496
https://doi.org/10.1021/acs.joc.8b00496
https://doi.org/10.1002/anie.199604131
https://doi.org/10.1002/anie.199604131
https://doi.org/10.1002/anie.199604131
https://doi.org/10.1002/anie.199604131
https://doi.org/10.1002/ange.19961080425
https://doi.org/10.1002/ange.19961080425
https://doi.org/10.1002/ange.19961080425
https://doi.org/10.1039/b007710k
https://doi.org/10.1039/b007710k
https://doi.org/10.1039/b007710k
https://doi.org/10.1039/b007710k
https://doi.org/10.1021/jo802086h
https://doi.org/10.1021/jo802086h
https://doi.org/10.1021/jo802086h
https://doi.org/10.1002/anie.199101871
https://doi.org/10.1002/anie.199101871
https://doi.org/10.1002/anie.199101871
https://doi.org/10.1002/anie.199101871
https://doi.org/10.1002/ange.19911030218
https://doi.org/10.1002/ange.19911030218
https://doi.org/10.1002/ange.19911030218
https://doi.org/10.1016/0040-4020(94)00971-V
https://doi.org/10.1016/0040-4020(94)00971-V
https://doi.org/10.1016/0040-4020(94)00971-V
https://doi.org/10.1021/jo951227t
https://doi.org/10.1021/jo951227t
https://doi.org/10.1021/jo951227t
https://doi.org/10.1039/a708399h
https://doi.org/10.1039/a708399h
https://doi.org/10.1039/a708399h
https://doi.org/10.1039/a708399h
https://doi.org/10.1021/ol100235b
https://doi.org/10.1021/ol100235b
https://doi.org/10.1021/ol100235b
https://doi.org/10.1002/1521-3765(20020703)8:13%3C3016::AID-CHEM3016%3E3.0.CO;2-6
https://doi.org/10.1002/1521-3765(20020703)8:13%3C3016::AID-CHEM3016%3E3.0.CO;2-6
https://doi.org/10.1002/1521-3765(20020703)8:13%3C3016::AID-CHEM3016%3E3.0.CO;2-6
https://doi.org/10.1246/cl.1980.1395
https://doi.org/10.1246/cl.1980.1395
https://doi.org/10.1246/cl.1980.1395
https://doi.org/10.1246/cl.1980.1395
https://doi.org/10.1021/ja01217a049
https://doi.org/10.1021/ja01217a049
https://doi.org/10.1021/ja01217a049
https://doi.org/10.1021/ja01615a040
https://doi.org/10.1021/ja01615a040
https://doi.org/10.1021/ja01615a040
https://doi.org/10.1016/0277-5387(95)85014-7
https://doi.org/10.1016/0277-5387(95)85014-7
https://doi.org/10.1016/0277-5387(95)85014-7
https://doi.org/10.1021/acs.inorgchem.5b00529
https://doi.org/10.1021/acs.inorgchem.5b00529
https://doi.org/10.1021/acs.inorgchem.5b00529
https://doi.org/10.1002/ejic.201000963
https://doi.org/10.1002/ejic.201000963
https://doi.org/10.1002/ejic.201000963
https://doi.org/10.1002/ejic.201000963
https://doi.org/10.1016/j.molstruc.2005.11.022
https://doi.org/10.1016/j.molstruc.2005.11.022
https://doi.org/10.1016/j.molstruc.2005.11.022
https://doi.org/10.1016/j.molstruc.2005.11.022
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S0021889807029238
https://doi.org/10.1107/S0021889807029238
https://doi.org/10.1107/S0021889807029238
https://doi.org/10.1107/S0021889808028185
https://doi.org/10.1107/S0021889808028185
https://doi.org/10.1107/S0021889808028185
https://doi.org/10.1107/S0021889812016068
https://doi.org/10.1107/S0021889812016068
https://doi.org/10.1107/S0021889812016068
https://doi.org/10.1107/S0021889812016068
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202oo3933
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202oo3933
https://www.ccdc.cam.ac.uk/structures/?
https://www.ccdc.cam.ac.uk/structures/?
https://doi.org/10.1107/S0021889812029111
https://doi.org/10.1107/S0021889812029111
https://doi.org/10.1107/S0021889812029111
http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202003933

Chemistry

Europe

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

Chem. Eur. J. 2021, 27, 3700 - 3707

a) F.R. Jensen, K. L. Nakamaye, J. Am. Chem. Soc. 1966, 88, 3437 -3438;
b) B. D. Sherry, A. Furstner, Chem. Commun. 2009, 7116-7118.

a) A. D. Becke, Phys. Rev. A: At. Mol. Opt. Phys. 1988, 38, 3098-3100;
b) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B: Condens. Matter Mater. Phys.
1988, 37, 785-789.

S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132,
154104.

J. Klimes, D. R. Bowler, A. Michaelides, J. Phys. Condens. Matter 2010, 22,
022201.

J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865-
3868.

A. Tkatchenko, M. Scheffler, Phys. Rev. Lett. 2009, 102, 073005.

B. Hammer, L.B. Hansen, J. K. Nerskov, Phys. Rev. B: Condens. Matter
Mater. Phys. 1999, 59, 7413 -7421.

T. Thonhauser, V. R. Cooper, S. Li, A. Puzder, P. Hyldgaard, D. C. Langreth,
Phys. Rev. B 2007, 76, 125112.

a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648 -5652; b) P. J. Stephens, F. J.
Devlin, C. F. Chabalowski, M. J. Frisch, J. Phys. Chem. 1994, 98, 11623 -
11627.

D. Rappoport, F. Furche, J. Chem. Phys. 2010, 133, 134105.

[38]

[39]

For heteroatom-substituted trialkylamines with nearly planar molecular
structures, explained by orbital interaction effects, see ref. [10d], refer-
ences cited therein, and a) E. Allenstein, W. Schwarz, E. Schrempf, Z
Anorg. Allg. Chem. 1987, 546, 107-112; b) A. Yamashita, E. B. Norton,
R. T. Williamson, D. M. Ho, S. Sinishtaj, T. S. Mansour, Org. Lett. 2003, 5,
3305-3308; ¢) D. Qian, X. Zeng, X. Shi, R. Cao, L. Liu, Heteroat. Chem.
1997, 8, 517-520; d) C. Muller, R. Bartsch, A. Fischer, P.G. Jones, R.
Schmutzler, Chem. Ber. 1995, 128, 499-502; e) Y. Jie, P. Livant, H. Li, M.
Yang, W. Zhu, V. Cammarata, P. Almond, T. Sullens, Y. Qin, E. Bakker, J.
Org. Chem. 2010, 75, 4472-4479.

For London dispersion in sterically crowded molecules, see: a)S.
Grimme, P.R. Schreiner, Angew. Chem. Int. Ed. 2011, 50, 12639-12642;
Angew. Chem. 2011, 123, 12849-12853; b) J. P. Wagner, P.R. Schreiner,
Angew. Chem. Int. Ed. 2015, 54, 12274-12296; Angew. Chem. 2015, 127,
12446-12471; c) M. Xie, W. Lu, RSC Adv. 2018, 8, 2240-2247; d)D. J.
Liptrot, P. P. Power, Nat. Rev. Chem. 2017, 1, 0004.

Manuscript received: August 26, 2020

Accepted manuscript online: September 11, 2020

Version of record online: December 14, 2020

www.chemeurj.org

3707

© 2020 The Authors. Published by Wiley-VCH GmbH

European Chemical
Societies Publishing


https://doi.org/10.1021/ja00966a049
https://doi.org/10.1021/ja00966a049
https://doi.org/10.1021/ja00966a049
https://doi.org/10.1039/b918818e
https://doi.org/10.1039/b918818e
https://doi.org/10.1039/b918818e
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.59.7413
https://doi.org/10.1103/PhysRevB.59.7413
https://doi.org/10.1103/PhysRevB.59.7413
https://doi.org/10.1103/PhysRevB.59.7413
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1063/1.3484283
https://doi.org/10.1002/zaac.19875460310
https://doi.org/10.1002/zaac.19875460310
https://doi.org/10.1002/zaac.19875460310
https://doi.org/10.1002/zaac.19875460310
https://doi.org/10.1021/ol030085j
https://doi.org/10.1021/ol030085j
https://doi.org/10.1021/ol030085j
https://doi.org/10.1021/ol030085j
https://doi.org/10.1002/(SICI)1098-1071(1997)8:6%3C517::AID-HC10%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1098-1071(1997)8:6%3C517::AID-HC10%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1098-1071(1997)8:6%3C517::AID-HC10%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1098-1071(1997)8:6%3C517::AID-HC10%3E3.0.CO;2-U
https://doi.org/10.1002/cber.19951280511
https://doi.org/10.1002/cber.19951280511
https://doi.org/10.1002/cber.19951280511
https://doi.org/10.1021/jo100628v
https://doi.org/10.1021/jo100628v
https://doi.org/10.1021/jo100628v
https://doi.org/10.1021/jo100628v
https://doi.org/10.1002/anie.201103615
https://doi.org/10.1002/anie.201103615
https://doi.org/10.1002/anie.201103615
https://doi.org/10.1002/ange.201103615
https://doi.org/10.1002/ange.201103615
https://doi.org/10.1002/ange.201103615
https://doi.org/10.1002/anie.201503476
https://doi.org/10.1002/anie.201503476
https://doi.org/10.1002/anie.201503476
https://doi.org/10.1002/ange.201503476
https://doi.org/10.1002/ange.201503476
https://doi.org/10.1002/ange.201503476
https://doi.org/10.1002/ange.201503476
https://doi.org/10.1039/C7RA11547D
https://doi.org/10.1039/C7RA11547D
https://doi.org/10.1039/C7RA11547D
http://www.chemeurj.org

