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Interaction of Acetonitrile with Olefins and Alcohols in Zeolite H-ZSM-5:
In Situ Solid-State NMR Characterization of the Reaction Products
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Abstract: The reaction products and in-
termediates from the interaction of ace-
tonitrile with olefins (oct-1-ene) or alco-
hols (tert-butyl alcohol) in zeolite
H-ZSM-5 at 296 K have been character-
1zed with 13C and !N solid-state NMR.
It has been shown that coadsorption of

represents a persistent species inside a zeo-
lite under anhydrous conditions. Upon
admittance of water to the pores of the
zeolite, the N-alkylnitrilium cation slowly
converts into N-alkylamide in accordance
with the classic Ritter reaction. In the case
of acetonitrile and alcohol, just after

coadsorption both the intermediate N-
alkylnitrilium cation and the final N-alkyl-
amide are identified simultaneously; the
former slowly disappears over a few days.
Thus, 1) it has been shown that the Ritter
reaction can occur not only in liquid
acidic media but also on a solid acid cata-

acetonitrile and olefin on H-ZSM-5 gives
rise to the intermediate N-alkylnitrilium
cation, which is formed by trapping by the
acetonitrile molecule of an unstable alkyl-
carbenium ion originating from the ad-

alcohols -
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lyst, zeolite H-ZSM-5; 2) N-alkylnitrili-
um cations have been detected and char-
acterized with solid-state  NMR as
persistent intermediates in the Ritter reac-
tion for the first time while the reaction

+ NMR spec-

sorbed olefin. The N-alkytnitrilium cation proceeds.
Introduction CH. _R CH
Ch cH
iy .
Acetonitrile has been reported to be unreactive O\S_/O\AI/O CHCN o\s_/o O\N N
. . ‘g . 1 i _ Al «-N=C-
towards catalytic conversion on acidic zeolites at § vd o § °7 1 ?
room temperature.!!! However, when coadsorbed H o ; 0
. . . 1
with an olefin on zeolite H-ZSM-5, its IR spec- o_ _ o Way/
. . . ~.. ~
trum exhibits the vibrational band of v(C=N) at O/SI}) A+ RCHCH, R
¥ = 2370 cm~1*! which is strongly shifted from e 0 Py 2\ RCHCH, CHy-C=N*CHCH,
acetonitrile adsorbed on .zeol{te-brldged OH 0. 0. O cmen O O _O
groups, the stretch of which is located near C{S‘\o O/Al\o === O/Sl\o o/Al\o
2300 cm ™ L.12:3 Medin et al.!’! assigned this new )

band at ¥ = 2370 cm ™! to the acetonitrile mole-
cule complexed to a Lewis acid site (structure
1 in Scheme 1), resulting from the cleavage of
the Al-O bond in the bridged alkoxy group
Si-O(CH,CHR)-Al (R = C,H,,,,, n>1) to give a trigonal
environment around the Al atom (Scheme 1). However, later,
Bystrov et al. observed a 4 cm ™! isotopic shift for the nitrile CN
group, if deuterated propene was used for coadsorption, and
interpreted the appearance of the band at ¥ = 2370 cm ! as a
sequence of coordination of the CH;CN base to the alkylcarbe-
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Scheme 1. Possible pathways for the interaction of olefin and acetonitrile with bridged OH groups
of acidic zeolite, from refs. [2,4,5].

nium ion CH;CH "R generated from an olefin and acting as a
very strong Lewis acid (Scheme 1).: 3! Thus, formation of the
N-alkylnitrilium cations CH,C=N*-R! (R! = CH,CHR) in-
side a zeolite was suggested™ ™ ® (structure 2 in Scheme 1). Un-
fortunately, infrared studies show the v(C=N) stretching fre-
quencies of the N-alkylnitrilium cations to be raised relative to
those of the parent nitriles for ¥ =70-100 cm ™~ 1,78 similar to
nitrile—Lewis acid complexes.!® "*'} Therefore, the IR data
alone is not sufficient to distinguish between structures 1 and 2.

The aim of the present paper is to characterize more thor-
oughly with solid-state NMR the species formed upon CH;CN
and olefin (alcohol) coadsorption on acidic zeolite. We hoped
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that we would be able to clarify the nature of the species formed
after olefin and CH,CN coadsorption and thus to verify
whether N-alkylnitrilium cations 2 do indeed persist inside zeo-
lite H-ZSM-5 or whether coadsorption of an olefin and CH,CN
leads to cleavage of the Al-O bond and simultaneous formation
of both stable alkoxy species and CH,CN coordination to an
aluminum atom (structure 1).

Results

1. NMR spectrum of acetonitrile adsorbed on H-ZSM-5: Ad-
sorption of acetonitrile (CH,CN, 3) on H-ZSM-5 has already
been studied extensively with NMR "1 In addition to the data
reported in ref. [1] we have found that adsorbed [1-1*C]CH,CN
undergoes cross-polarization, and informative '*C CP/MAS
NMR spectra for adsorbed acetonitrile can be obtained (Fig-
ure 1). However, no essential differences have been observed
between the '3C CP/MAS NMR spectrum and that recorded
without CP (not shown). which merely differed in signal-to-
noise ratio. Furthermore, we have found that !*C CP/MAS
NMR spectra (both with and without CP) arc dependent on the
acetonitrile (3) loading. If the amount of 3 is less than or equal
to the amount of Brdnsted acid sites (bridged Si—-OH-Al
groups), then the CN group of 3 exhibits the signal at § =116
with numerous spinning sidebands (Figure 1 A). When the ace-
tonitrile loading exceeds the amount of bridged OH groups,
the CN group exhibits a more narrow spinning-sideband-free
lineshape with the same chemical shift (Figure 1 B).

In the former case the observed '*C CP/MAS NMR spectrum
is fixed on the timescale of the sample spinning, that is, isotropic
molecular reorientation of adsorbed acetonitrile proceeds with
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Fig. 1. NMR spectra of acetonitrile adsorbed on H-ZSM-5 zeolite at 296 K. A and
B) '3C CP/MAS NMR spectra of [1-'*CJCH,CN (82% '*C enrichment); C) *N
MAS and D) **N CP/MAS NMR spectra of [*NJCH,CN (95% **N enrichment).
Amount of adsorbed acetonitrile: A: 290 umotg™?, B: 500 umolg™', C and D:
310 pmolg™'. Spinning rate was A: 5610 Hz, B: 5050 Hz, C and D: 3300 Hz. Aster-
isks (*) in the spectra denote spinning sidebands,

Abstract in Russian:

Annoramns: Meronod SIMP BRicOKOTO pa3spemeHus B
TBepZioM Tele Ha sapax 13C u 5N oxapaKTepH30BaHBI
MHTEpPMEAMATHI M TPOJYKTHl PEAKIMH aLleTOHNTPWIA C
oneduHaMu (Ha IpHMepe OKTeHa-1) MM crompraMmM
(mpem-0yTadon) Ha ueomdre H-ZSM-5 mpm 296 K.
ITokazaHo, 9T0 MpH COBMECTHOM aacopOmm aneTo-
HHUTPHIA ¥ OofMeMHA Ha LIEONMT NPOHCXOIMT obpaszo-
BaAwe N-aTKUITHWIPWILHOIO KaTHOHA IIOCPEACTBOM
B3aRMOECTBIA MONEKYIBI allcTOHUTPHIA ¢ HeyCToi-
YMBBIM AIKWIBHBIM KapGCHMEBBIM HMOHOM, 06pasyro-
IIMNCA B [IeOJIMTe U3 MONEeKYIbI onedmHa. B oTcyTernne
Bofl N-aTKMITHATPRIbHBIA KaTHOH CYIICCIBYeT BHYT-
pu kananos neomura H-ZSM-5 B BHAe ycTroHauBOH
gactuupl. [To Mepe NPOHMKHOBEHMA BOABI B NOPHI
[EONTa NPOMCXOAMT MeUIcHHOe NpeBpamcHne N-
aNKAMHUTPAIIEHOTO KaTHoHAa B N-aIkiiaMHx B

TMONHOM COOTBETCTBMH C KIACCHYECKMM MEXaHM3MOM
peaxupm Purrepa. B ciygae aneroHMTpHEa M clIApTa B
cniekTpax SIMP, samicanmHeIX cpasy Hoche ajcopOiym
PCarcHTOB, OJHOBPEMCEHHO HabmoAaloTca IIpoMexy-
TOYHbI N-aIXATHHMTPAILHEIA KAaTWOH M KOHETHBIA
npoaykT - N-ankunamuna. B mocnepcreun, SIMP cur-
Haxp!l oT N-alIKMIHMTPHIBGHOI'O KATHOHA MENICHHO (B
TedeHyie HeCKONbKO Hed) Hcdesaror. Taxum oGpazoM,
noka3zaHo, 91o (1) peakums Putrepa MoXxeT GBITH OCy-
IECTEICHA He TOJBKO C MCIOIbL30BAHHEM PacTBOPOB
KHACIOT, HO ¥ HAa TBEPAOM KHCIOTHOM KaTalM3aTope -
neomare H-ZSM-5; (2) Buepebie, MeTonoM SIMP BhI-
COKOI'O pa3spelicHHA B TBEPAOM Telle OGHApyXeHM M
oXapaKTepH30BaHbl N-alKAIHMTPHIbHEICE KATHOHBI B
KadecTBe YCTOMYMBBIX MHTEPMEAMATOB peakmym Par-

Tepa.
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characteristic time ¢,> 1072 s. The reason for this rigidity of the
adsorbed CH;CN molecules may be a strong interaction with
Si-OH-AI groups. Adsorbed on a Brénsted acid site, acetoni-
trile does not seem to undergo any fast restricted local motions
that could average out a large chemical shift anisotropy of the
CN group (Ad =300 ppm).

In the second case the observed line shape shows that motion-
al behavior averages out the orientational dependence of the
'3C chemical shift. As suggested in ref. [1], this motion may
represent an exchange between free acetonitrile and that bound
to Si—OH-Al groups. Uncomplexed acetonitrile reorients
isotropically inside the zeolite framework, and acetonitrile
bound to bridged OH groups may only slowly reorient locally
with a characteristic time exceeding 1073 s.

The >N MAS NMR spectrum of ['*’NJCH,CN on H-ZSM-5
(Figure 1C) coincides with that reported in ref. [1]. As is the
case with [1-13CJCH,CN on H-ZSM-5, "N nuclei in
[**NJCH,CN adsorbed on the zeolite undergo cross-polariza-
tion, and thus we have been able to record 1SN CP/MAS NMR
spectra (Figures 1 C,D). Note, however, that the !N CP/MAS
NMR spectrum shows a weak signal with low signal-to-noise
ratio that provides evidence for low polarization of »*N nuclei
by surrounding protons (zeolite OH groups and CH, groups of
acetonitrile) in the adsorbed acetonitrile, compared with '3C
nuclei in the CN group of this molecule.

2. Preliminary attribution of NMR signals in coadsorbed olefin
and acetonitrile: Both 3C and >N NMR spectra of 3 on H-
ZSM-5 exhibit new features when 3 is coadsorbed with olefin
(Figures 2 A and 3 A), which are not detected in the absence of
olefin (Figure 1). New features also appear in the *C MAS
NMR spectra of coadsorbed olefin. New signals occur (Fig-
ure 2C), different from the signals observed earlier for olefins
adsorbed on zeolites (see for example refs. [12—-15]). In fact, the
new '3C and >N signals that appeared after olefin coadsorp-
tion, originating from the acetonitrite CN group, can be made
to stand out further by recording the spectra with cross-polar-
ization. Therefore, in order to emphasize the new features in 13C
and *>N NMR spectra of 3 coadsorbed with olefin, we present
in this paper only **C and >N CP/MAS NMR spectra. More-
over, to stress particularly the specific changes in the spectra of
3 or olefin, reactants with selective 1*C or **N isotope labels
were used in our NMR experiments.

Coadsorption of [1-'3CJacetonitrile and oct-1-ene: One would
expect that the most intense signal in the spectrum recorded
after coadsorption of [1-13CJCH,CN and unlabeled olefin (Fig-
ure 2 A) would arise from the '*C-labeled CN group of acetoni-
trile. The observed intense signal at § = 108.8 is shifted upfield
by Ad =7 ppm with respect to that from [1-13C]JCH,CN on the
bridged OH group (Figure 1 A). Small signals from unlabeled
oct-1-ene (4) and the unlabeled CH, group of [1-'*CJCH,CN
are identified in the spectrum of Figure 2A at § =14.2-33.3 and
0.82, respectively.

The appearance of the signal at § =108.8 cannot be interpret-
ed unambiguously. On the one hand, the signal at 6 =108.8 is in
the vicinity of the **C chemical shifts for protonated acetonitrile
(CH,CN™H, 5) in superacids (5 =108-108.5 in magic acid,
FSO,H/SbF,!* 7). However, in ref. [1] CH,CN " H was report-
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Fig. 2. '3C CP/MAS NMR spectra for the products formed after coadsorption of
acetonitrile and oct-1-enc on zeolite H-ZSM-5 at 296 K: A and B) coadsorption of
[1-*C]JCH,CN (80% '*C enrichment) and unlabeled oct-1-ene; C and
D) coadsorption of unlabeled CH,CN and [1-'3Cloct-1-ene (82% !3C enrich-
ment); before (A and C) and two days after (B and D) exposure of the zeolite sample
to atmospheric moisture. Approximately 300 umolg ! of each of the reactants were
coadsorbed. Spinning rate was A: 3355 Hz, B: 5505 Hz, C: 3325 Hz, D: 3336 Hz.
Asterisks in the spectra denote spinning sidebands.

ed not to be persistent in H-ZSM-5. On the other hand, there are
no reported '3C NMR data either on the !3C chemical shifts for
acetonitrile coordinated to Lewis acids or on 3C chemical shifts
for the -C=N"- fragment in the N-alkylnitrilium cation 2. Thus,
on the basis of the analysis of a position of the signal at
¢ =108.8, which appeared upon coadsorption of 3 with oct-1-
ene, we cannot make out whether this signal belongs to 3on a
Lewis acid site or corresponds to a positively charged -C=N"-
fragment of N-alkylnitrilium cation 2.

Coadsorption of acetonitrile and [ 1-*3C Joct-1-ene: It has already
been shown that in [1-1*Cloct-1-ene adsorbed on H-ZSM-5, the
selective ' 3C label scrambles over the hydrocarbon skeleton and
the signals from the olefinic YC=C{ double bond are not detect-
ed.['37 151 Figure 2C shows 1*C CP/MAS NMR spectrum for
coadsorbed '3C-labeled oct-1-ene and unlabeled CH,CN. As
expected, the most intense signals at § =14-34 belong to the
paraffinic CH, and CH, groups of the olefin; the !3C label
penetrates to these groups from the terminal olefinic =CH,
group of oct-1-ene.[**] The weak signals of unlabeled 3 are not
detected in this spectrum.

A new feature that was not identified in the adsorbed 4 with-
out coadsorbed acetonitrile!’ #! is detected in Figure 2C. Several
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lines are clearly visible between § =76 and 80. At least three
signals are distinguished at § = 80.1, 77.7, and 76.8; the last
signal can be seen as a right-hand shoulder to the signal at
3 =77.7. The position of these lines is in the region of the 1*C
chemical shifts typical for carbon bound to oxygen in alcohols
(6 = 50-8011°N) or alkoxides formed in zeolites (J = 50—
90!15-17-20}  Therefore, at first glance the presence of these
signals in the spectrum speaks in favor of formation of the
fragment Si—O- R in the structure 1 with three different alkyl
fragments R' in accordance with the number of lines at 6 =76
80. At the same time, in the casc of formation of cation 2, the
carbon atom attached to nitrogen in the {ragment -C-N*=
may also exhibit a signal at the same region of the spectrum. For
example, *3C chemical shifts of carbon bound to nitrogen in
amines may be above 6 = 502! and in N-alkylamides are in the
range of § = 50—70.122! Thus, on the basis of this spectrum we
again can not determine whether the structures 1 or 2 are
formed.

Coadsorption of [*>N Jacetonitrile and oct-1-en¢: The '*N CP/
MAS NMR spectrum of [*>NJCH,CN on H-ZSM-5 with coad-
sorbed 4 exhibits three signals (Figure 3 A). The chemical shift

0=-208
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NHy/NH,"
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Fig. 3. '*N CP/MAS NMR spectra [or the products formed after coadsorption of

[°NJCH,CN (95% '°N carichment) and oct-1-cne on zeolite H-ZSM-5 at 296 K
A) before exposure of the zeolite sample to atmospheric moisture; B) two days
after exposure of the zeolite sample to atmospheric moisture. Approximately
300 pmol g~ ! of each of the reactants was adsorbed. Spinning rate was A: 3205 Hz,
B: 5595 Hz. Asterisks in the spectra denote spinning sidebands.

of one of the signals, namely that at d = — 159, corresponds to
3 on bridged OH groups (see Figure 1 C and ref. [1]). The sig-
nals at 6 = — 208 and —217 appear in this spectrum in parallel
with the signals at 6 =76-80 in !3C CP/MAS spectrum (see
Figure 2 C), and therefore their appearance should be related to
the formation of the structures 1 or 2. To assign the signals at
&= — 208 and —217 as well as at § =76-80 and 108.8 in '*C
NMR 10 the structures 1 or 2 it would be reasonable to compare
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13C and N (**N) chemical shifts observed for the species
formed after coadsorption of 3 and 4 on H-ZSM-5 with the
chemical shifts of N-alkylnitrilium cations and acetonitrile com-
plexes with Lewis acids. N-alkylnitrilium cations were reported
to be persistent species in superacidic solutions.[”! Acetonitrile
also is well known to form stable complexes with Lewis
acids.®®* 7' In order to determine whether these new signals,
differing from those of both acetonitrile and olefin, belong to
the structures 1 or 2, we further prepared N-alkylnitrilium
cations and CH,CN complexes with Lewis acids (see experi-
mental section) and characterized them with NMR.

3. 13C and "*N (*5N) NMR characteristics of acetonitrile com-
plexes with Lewis acids: **C and *N (**N) NMR spectra of
acetonitrile (3) adsorbed on solid AICl, and 3 in SbF,/SO, solu-
tion are shown in Figure 4. As seen from Figure 4 A, the CN
group of 3 complexed to AICI, (CH,CN" AICl,, 6) exhibits the
signal at 8 =125 in '3C CP/MAS NMR and at § = — 200 in
1SN MAS NMR (Figure 4 B).

A 1:5 mixture of 3 and SbF; in liquid SO, shows three signals
in the '*C NMR spectrum (Figure 4C): an intense signal at
d =119.3 and two smaller ones at ¢ =121.9 and 123.1. All three

L T T T T
250 200 150 100 50 0 -50  -100
&=-200

I T T 1 ) L 1 T L LI
0 -100 -200 -300 -400 -500
6=119.3
CH,;CN'H
w ©
T
110 109 1
| D R R | ) ¥ T L B T L L L) T
120 100 80 60 40 20 0
5=-204
CH,CN'H
)

Y -

T T T T T T T T
-120 -160 -200 -240 -280
Fig. 4. NMR spectra for the products of the interaction of acetonitrile with Lewis
acids. A) 13C CP/MAS NMR of [1-'3CJCH,CN (350 umolg ™ ') and B) SN MAS
NMR spectra of [1*NJCH,CN (350 umol g~ ) adsorbed on solid AICI, at 296 K;
spinning rate was A: 5580 Hz, B: 5395 Hz: asterisks in the spectra denote spinning
sidebands. C) '*C and D) '“N high-resolution NMR spectra of acetonitrile with
broad-band proton decoupling (CH,CN:[1-"3CJCH,CN (80% '*C enrichment)
=1:1) in SbF,/SO, (acetonitrile: SbF, =1:5) solution at —40"C. The splitting of
the signal at 109.5 in spectrum C and at — 238 in spectrum D arises from the scalar
J coupling between '*C and '*N nuclei in protonated acetonitrile.
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signals belong to CH,CN complexes with SbF,; the intense
signal should presumably be assigned to the CH,CN-SbF, com-
plex (7) and the two smaller signals may be attributed to
CH,CN in cis- and rrans-[(CH ;CN),SbF,] *[SbF,]~ complexes,
which could be formed by analogy with [SbF,(OH,),)]*[SbF,]~
complexes in the H,0/SbF,/SO, system.!?3) The *N NMR
spectrum of CH;CN/SbF,/SO, system exhibits only one broad
signal at & = — 204 (Figure 4D), corresponding to the three
signals in the '*C NMR spectrum (Figure 4C).

It should be noted that NMR spectra of a mixture of 3 and
SbF; in SO, also gives a small signal from 5, with the shifts for
the CN group at § =109.6 (**C NMR) and 6 = — 238 (**N
NMR)"! (Figures 4C and 4D). Acetonitrile (3) in SbF,/SO,
solution may be protonated by the traces of HF which are al-
ways present in SbF,12* or by acidic [SbF,(OH,),)]*[SbF,]~
complex,?3! which may also be present in the initial SbF,
as admixture. [SbF,(OH,),)]"[SbF,]~ may presumably be
formed by the interaction of atmospheric moisture with SbF,
during the preparation of the complex. NMR characteristics
of acetonitrile complexes with the studied Lewis acids are given
in Table 1.

4. 13C and '*N NMR characteristics of N-alkylnitrilium cations
in SbF;/SO, solution: Despite the fact that N-alkyhitrilium
cations as nitrilium salts with BF, and SbCl{ counterions have
been known since 1956,125! they have not previousty been char-
acterized with '3C and **N (!N) NMR; }*C NMR character-
istics of these cations would certainly assist in the discrimination
between structures 1 and 2 in zeolite.

Figure 5 shows '3C and "N NMR spectra of SO, solution
containing a mixture of tBuCl, [1-*3CJCH,CN, and SbF; in the
ratio 1:1:5. The small '*C NMR signals at 6 = 48 and 334
represent well-known characteristics of the rert-butyl cation 8
(Figure 5A).1%%1 The intense signals between § =120 and 108
arise from the 13C-labeled acetonitrile CN group. The signals at
6 =119 and 109.5 (Figure 5A) are assigned to complexes 7 and
5,71 respectively (see also Figure 4C). The appearance of the
latter signal in this spectrum seems to be due to the same reason
as for SbE,/SO, solution containing only acetonitrile (vide
supra) (Figure 4 A). The small signals in the spectrum of Fig-
ure SA at 6 = 27.98, 65.45, 108.20 should be attributed to the
N-tert-butylacetonitrilium cation (9). The N-iso-propylacetoni-

47-56
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Fig. 5. '*C NMR (A) and '*N NMR (B) high-resolution spectra with broad-band
proton decoupling of a mixture of acetonitiile, rerr-butyl chloride, and SbF, ([1-
B3CJCH,CN (80% '3C enrichment): /BuCl:SbF; =1:1:5) in SO, solution
at —40°C. The splitting of the signals at 108.2 and 109.5 in spectrum A and at —214
and ~238 in spectrum B arises from the scalar J coupling between '*C and "*N
nuclei in N-tert-butylacetonitrilium cation and protonated acetonitrile, respectively.
The small signal at 3 = 98 presumably arises from the fluorinated methyl group in
the protonated acetonitrile or N-rerr-butylacetonitrilium cation, formed in solution
as admixture.

trilium cation (10) exhibits the same *3C chemical shift for the
CN group (complete assignment of the signals for the two
cations and reactants is given in Table 1).

It is significant that 1*C NMR signals of the CN group in
both protonated acetonitrile and N-alkylnitrilium cations are
located near é =108 —109 and shifted upfield with respect to the
CN group in free acetonitrile and acetonitrile complexed to
Lewis acids (see Figures 4 and 5 and Table 1). The proximity of
the '3C chemical shifts of the CN group in both 5 and 2 and
large values of scalar J couplings, 'J(**N-13C), which are
around 40 Hz and are more than three times greater than
LJ(**N-13C) in liquid CH,CN (see Table 1), certainly indicate

Table 1. NMR characteristics (13C, *N (**N) chemical shifts, 5) of alkyl chlorides, acetonitrile, cationic species, and complexes formed from alkyl chlorides and acetonitrite

in SbF,;SO, solution and on solid AICl;.

Compound CH; 3C=N C=1*N (CH,),C (CH,),CH Ref.
CH, C CH;, CH
CH,CN (3) [a) 0.3 117.7 —136.4 ("*N) [28.29]
CH,CN™H (5) [c] 107.8 —2374 7]
2.45 109.5 —238 this work
CH,CN-AICY, (6) 6.8 125 —200 (*°N) this work
CH,CN-SbF; (7) [b] 2.64 119.3 —204 this work
(CH;),C™ (8) 46.3 3328 [26.39]
48.5 334.8 this work
CH,CN*C(CH,), (9) [d] 3.03 108.2 -2 27.98 65.45 this work
CH,CNTCH{CH,), (10) [¢] 2.92 108.2 —222 20.5 53.7 this work
(CH,),CCI (19) 33.45 65.15 27
(CH,),CHCI (20) 26.85 53.75 271

[a] YJ(13C - *C(CH,)) = 56.5 Hz, 'J('3C~ 1*N) = 12.5 Hz (ref. [30]). [b] J(1*C - 3C(CH;)) = 55.2 Hz. [¢] 'J(13C - 14N) = 43.5 Hz, LJ(13C - 3C(CH,) =76.3 Hz, ("N -
TH{NH)) = 97.3 Hz, 2J("*C-'H(CH,)) = 9.8 Hz, 2J(**C—H(NH)) = 43.5 Hz. [d] }J("3C- 1*N) = 40.8 Hz. 'J(**C - 3C(CH,)) = 60.0 Hz. 2/(**C - 'H(CH,)) =10.6 Hz.

[e] LJ(I3C-1*N) = 42.7 Hz.
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that both the shifts and J couplings are affected by positive
charge on the nitrogen atom.

It is of interest also to note that carbon atoms in the alkyl
fragment attached to the nitrogen in the two N-alkylnitrilium
cations studied exhibit *>C chemical shifts very close to those for
carbons in the corresponding parent alkyl chlorides,!*™ whereas
methyl groups in alkyl fragments are shifted downfield relative
to the same methyl groups in alkyl chlorides (see Table 1).

14N NMR spectra of SbF;/SO, solutions of the two prepared
N-alkylnitrilium cations show three signals. Two of them are
absolutely identical: at 4 = — 238 from 5 and at ¢ = — 204
from complex 7. The third signal in each of the solutions belongs
to cations 9 (6 = — 214) or 10 (6 = — 222) (see Figure 5B and
Table 1).

Thus we have obtained '3C and '*N NMR characteristics of
CH,CN complexes with Lewis acids and N-alkylnitrilium
cations; now we shall use them for final identification of the
products formed from the interaction of CH;CN and olefins on
zeolite H-ZSM-5.

5. Attribution of the NMR signals observed for acetonitrile and
oct-1-ene coadsorbed on H-ZSM-5: As has been shown above,
13C chemical shifts for CH,CN complexed to the Lewis acid
ranged from 6 =119 to 125, that is, they are in the region of the
chemical shifts for liquid (free and uncomplexed) acetonitrile
(6 =118128:2%ly and for 3 adsorbed on bridged OH groups
(8 =116-11911) . At the same time, the '*C chemical shift for
the CN group in N-alkylnitrilium cations (2) is 6 =108.2 (see
Table 1), that is, explicitly different from both 3 on bridged OH
groups and 3 complexed to the Lewis acid, and very close to the
shift of the signal observed for CN group in 3 coadsorbed with
olefin on zeolite (Figure 2A). This means that if the structure 1
were formed, that is, if coordination of 3 to a strong Lewis acid
site in the zeolite took place (Scheme 1, pathway 1), then we
would observe an additional signal in the vicinity of 6 =119
besides the signal from 3 on the bridged OH group, and
we would not observe any signal at =108, which is
identified for 3 coadsorbed with olefin. Thus we conclude
that the '3C chemical shift at § =108 is indicative of the
formation of N-alkylnitrilium cation (structure 2) in ac-
cordance with pathway 2 in Scheme 1.

The N (!*N) chemical shifts turned out to be less
informative for distinguishing between structures 1 and

2. Indeed, besides the signal of 3 on bridged OH groups at
8 = —159, the observed signals at 6 = — 208 and —217 for
coadsorbed 3 and oct-1-ene are located in the vicinity of the
signals for 3 on Lewis acids at —200 and —204. Simultaneously,
N-alkylnitrilium cations exhibit signals with the same chemical
shift range, namely, at § = — 214 and —222. These experimen-
tal facts do not allow us to use *N (**N) chemical shifts for
discriminating reliably between structures 1 and 2.

We conclude that the species formed after acetonitrile and
olefin coadsorption on H-ZSM-5 are N-alkylnitrilium cations
(structure 2). In the case of coadsorbed 4, several cations are
formed. They are characterized by a common signal at § = 108.8
(CN groups; Figure 2 A) and by three signals from the -C=N"* -
R! fragment at § = 7680, corresponding to the three different
alkyl fragments R! (Figure 2C). Three signals at § =76-80 in
13C NMR correspond to the two signals at § = — 208 and
—217 in >N NMR (Figure 3A). (Complete assignment of
NMR chemical shifts for the species formed in H-ZSM-5 are
given in Table 2.)

6. Interaction of NV-alkylnitrilium cations with water: A transfor-
mation of the formed adsorbed species when they come into
contact with water is in good agreement with the expected reac-
tion of the cations 2 with water to produce N-alkylacetamides
(11, vide infra) .®! Simultaneously, 3 that has not reacted with
olefin to form cation 2 and has remained adsorbed on H-ZSM-5
may undergo hydrolysis to give acetamide (12), acetic acid (13),
and ammonia (14).1"-%-31) Indeed, if atmospheric moisture is
admitted to the zeolite sample with coadsorbed acetonitrile and
oct-1-ene, new lines with NMR characteristics different from
those for N-alkylnitrilium ions 2 and unreacted acetonitrile ap-
pear both in 13C and *>N spectra (Figures 2 A,B, 3 A,B; see also
Table 2). The observed changes in NMR spectra can be ratio-
nalized in terms of the transformations of the cation 2 and
acetonitrile as depicted in Schemes 2 and 3.

When '3C-labeled acetonitrile, [1-1*CJCH,CN, was used for
coadsorption (Figure 2 B), the signal at § =177 from the carbon

S
Il
CHy-C=N'Rl + 0 =—= [CH-C-N-RI] + O <== CH-CNHRI + O
2 O OH Si Al 1 si Al
Al

Scheme 2. Transformation of N-alkylnitrilium cation through interaction with water in
H-ZSM-3.

Table 2. NMR chemical shifts (*3C, '*N chemical shifts, &) for the species formed on adsorption of acetonitrile, oct-1-ene. or rert-BuOH, or coadsorption of acetonitrile with

oct-t-ene or tert-BuOH on H-ZSM-5 at 296 K.

Compound CH, 13C=N (CH,),C CHR-CH,
B3C=0 CH, C CH

CH,CN"-CHR -CH; (2) 108.8 —208 76.8:77.7:80.1
—217

CH,CN (3) 0.82 116 159

Oct-1-ene (4) [a] 14.3(CH,); 24.9,30-33(CH.,)

CH,CN*C(CH,); (9) 108.0 —212 69.6

CH,-CO-NH-CHR- CH, (11) 177 —220 53.8-70.0

CH,- CO-NH, (12) 177 —250

CH,-CO-OH (13) 182

NH,/NHJ (14) ~358

terr-BuOH (15) [b] 29.7 81.8

CH,-CO-NH-C(CH,}, (16) 24.8 1771 ~217 275 59.5

fa] Ref.[14]. [b] Refs. [15, 18].
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o) 0
HO V4 H; V4
CHy-C=N === CHs-C B0 cn;-c( + NH;
3 12 N 13 OH 14

Scheme 3. Transformation of acetonitrile through interaction with water in H-
ZSM-5.

atom of the -(C=0)—N- fragment of compounds 11 and 12122
becomes clearly distinguishable from the signals of both 2 and
3at o =108.8 and 116, respectively. The signal from acetic acid
13 is seen at d =182 as a left-hand shoulder to the signal at
6 =171.

In the case of moisture admittance to the sample with coad-
sorbed [1-!3Cloct-1-ene and unlabeled 3, five new lines between
¢ = 53.8-70.0, different from the signals of 2 in this region of
the 1*C NMR spectrum (a weak signal from 2 is seen at 3 =79),
are identified in Figure 2D. Five signals at § = 53.8—70.0 be-
long to the carbon adjacent to nitrogen in the fragment -NH—
R! of 11; five signals indicate the formation of the five different
N-alkylacetamides 11 with various R!. The small signals at
6 =177 and 182 from the unlabeled CH,—(C=0)- fragment of
11, 12, and 13 are also seen in the spectrum in Figure 2D.

SN NMR provides further evidence for the transformations
of 2 and 3 under their interaction with atmospheric moisture
according to Schemes 3 and 4. Figure 3B shows the "N CP/
MAS NMR spectrum of coadsorbed [**N]JCH,CN and unla-
beled oct-1-ene. There are three new signals: the signals at
8 = — 250 and —358 belong to acetamide (12)"** and NH,/
NH 3% (14), respectively. The position of the third signal at
§ = — 220 is close to that from nitrogen in the cations 2 (see
Figure 3 A). However, taking into account that under the condi-
tions used this system contains a mixture of compounds 2, 3,
1114 (see Figures 2B.D, 3 B) the signal at 6 = — 220 should be
attributed to a superposition of the signals from both 2 and 11.

7. Interaction of acetonitrile with zert-butyl alcohol coadsorbed
on H-ZSM-5: If alcohol and acetonitrile were coadsorbed on
zeolite, then similar transformations (like those in the case of 3
and olefin 4) can be followed with NMR. Figures 6 and 7 depict
the '*C and '*N CP/MAS NMR spectra of tert-butyl alcohol 15
and 3 coadsorbed on H-ZSM-5. Analysis of the signals observed
in these spectra leads us to a conclusion about the formation of
the N-tert-butylacetonitrilium cation (9) and N-tert-butyl-
acetamide (16) according to Scheme 4.

If [2-3*C)rBuOH and unlabeled CH,;CN are coadsorbed on
zeolite, then two intense signals from the **C-labeled carbons
at 6 =69.6 and 59.5 are identified, besides the signal from
the '3C-labeled C—OH group of the unreacted aicohol at

CH. H CH:
{2 | 2 CH5CN
CHC-OH + O === CH;—(-CHs + B0 <=

CHz Si Al o
7N
15 Si Al

CH 0 cH H

CH,CN D i [ |
== CHy-C=N- (é:—‘CH3 * H0 ——= CHy=C-NH-C-CH + O
9 0 CH; 16 CH; S Al
s Al

Scheme 4. Interaction of acetonitrile with ftert-butyl alcohol coadsorbed on
H-ZSM-5.
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d = 82015 181 and a weak signal from unlabeled methyl groups at
0 =28.4 from the [2-'*C]tBuOH and/or a reaction product
(Figure 6 A). Storage of the zeolite sample with these coad-
sorbed reactants at 296 K for a few days or heating the sample
at 373 K for 30 min resulted in the complete disappearance of
the signal at § = 69.6 (Figure 6 B); only the signal at § = 59.5

CH, 5=59.5
o] e
CH;— C=N*2'¢ —ch,
] 5-69.6
CH,
(CH,),COH o284

(A) * %

P e 5289
X =59.5
CH;— C— 195’?—275 :
CH;
0=27.8
®) * i
CH;
o=177.1 1080 694
CH;—C=N*— CI ~CH;
5=108.0 CH;
9=59.5 5=28.4

0=69.6
*

L L ! T 1 T
300 250 200 150 100 50 0 -50

-

Fig. 6. '3C CP/MAS NMR spectra for the products formed after coadsorption of
tert-butyl alcohol and acetonitrile on H-ZSM-5 zeolite at 296 K: A and
B) coadsorption of the [2-*3CJtBuOH (82% '*C enrichment) and unlabeled
CH,CN; C and D} coadsorption of [2-**C}iBuOH (10% '*C enrichment) and
[1-"*C)CH,CN (82% '3C cnrichment). A and C: 4 h after coadsorption. B and D:
4 d after coadsorption. 320 umol g~ ! of the alcohol and 320 umol g ™! of acetonitrile
were adsorbed. Spinning rate was A: 3300 Hz, B: 3500 Hz, C: 5500 Hz,
D: 3800 Hz. Asterisks in the spectra denote spinning sidebands.

remained in the spectrum, along with a weak signal at o = 27.5.
In the spectrum with coadsorbed [1-**CJCH,CN (82% '3*C en-
richment) and {2-13C)tBuOH (10% '3C enrichment), intense
signals at 6 =108.0 and 177.1 are clearly observed from the
13C-labeled carbon atoms originating from the acetonitrile reuc-
tant (Figure 6 C). The signals at ¢ = 69.6 and 59.5, which are
now of smaller intensity compared with these signals in Fig-
ure 6 A, are also visible. In this spectrum the signals from unre-
acted alcohol and acetonitrile are seen at & = 8411381 and 116,
respectively. Long standing of the zeolite sample containing
these specifically !3C-labeled coadsorbates at 296 K results in
the disappearance of the signal at ¢ =108.0. Finally, an intense
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signal at & =177.1 remains in the spectrum besides the signals of
smaller intensity at § = 59.5 and 27.5.

Based on the analysis of the behavior of different signals in
the NMR spectra with time for coadsorbed 15 and 3, we con-
clude that the group of signals at § = 27.5, 59.5, and 177.1
should be assigned to the final reaction product and the signals
at & = 69.6 and 108.0 that disappear with time to the intermedi-
ate in this reaction. According to their chemical shifts the signals
from the former group belong to N-zerr-butylacetamide 16 (see
Table 2). Indeed, 3C chemical shifts observed for 16 are in good
agreement with those reported in solution (16 exhibits the fol-
lowing '*C chemical shifts in solution: é = 23.6 (CH,), 28.55
(CH,, tert-butyl group), 49.9 (quaternary carbon), 169.0
(C=0)[22Yy_ 13C chemical shifts for the signals disappearing
with time agree well with 13C NMR characteristics for the
cation 91n solution (see Table 1). Therefore, these signals should
be attributed to N-ert-butylacetonitrilium cation 9 (Table 2). it
should be noted here that some of the carbons in organic mole-
cules adsorbed in zeolite, especially those strongly interacting
with bridged OH groups, often exhibit additional chemical
shifts'**! (e.g., a C— OH group in adsorbed tBuOH shifts down-
field by a further AS =13 ppm!!'3- 180 Therefore, it is no won-
der that the '*C chemical shifts in some of the carbons in ad-
sorbed 9 and 16 are shifted with respect to these shifts in
solutions of Aé = 5-10 ppm.

Comparison of the >N CP/MAS NMR spectrum of the final
N-tert-butylacetamide 16 (Figure 7A) with the spectrum
recorded after keeping of coadsorbed ['*N]JCH,CN and 15 for
4 hours (Figure 7B) leads us to conclude that the signal {rom
N-tert-butylacetonitrilium cation (9) is located at 6~ — 212. 1t
is seen as a left shoulder to the signal at § = — 217 from N-tert-
butylacetamide (16). The signal at § = — 159 belongs to unre-
acted {**NJCH,CN. The '*C and 3N chemical shifts observed
for the adsorbed intermediate 9 and the product 16 are given

0=-217

0, CH
CHy-C-Rf-C-CH,
H,

1 1 1 LS L
-200 -250 -300 -350 -400

-

) ¥ T T
0 -50  -100 -150

Fig. 7. **N CP/MAS NMR spectra for the products formed after coadsorption of
rert-butyl alcohol and [**Nlacetonitrile (95% ' *N enrichment) on zeolite H-ZSM-5
at 296 K= A) 4 h after coadsorption; B) 4 d after coadsorption. 300 pmolg™" of
both alcohol and acetonitrile were adsorbed. Spinning rate was A: 5000 Hz,
B: 5400 Hz. Asterisks in the spectra denote spinning sidebands.
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above the corresponding atoms of the molecules 9 and 16 de-
picted in Figures 6 and 7 (see also Table 2).

In this series of experiments the reaction was carried out in
a sealed NMR tube and atmospheric moisture was excluded
from the zeolite sample. Under these conditions the amount of
water evolved from the reaction (Schemec 4) seems not to be
sufficient to hydrolyse acetonitrile according to Scheme 3. This
appears to be the reason that the signals from acetamide (12).
acetic acid (13), and ammonia (14) are not 1dentified in Fig-
ures 6 and 7.

Discussion

It follows from our experimental data that, upon coadsorption
of acetonitrile and olefin on zeolite H-ZSM-5, the cleavage of
the Al-O bond in the bridged Si—OH- Al group, proposed in
Scheme 1, to form simultaneously a strong Lewis acid center
with an acetonitrile molecule coordinated to it and an alkoxy
group!?! (structure 1) does not occur. Interaction of acetonitrile
with olefin results in the formation of N-alkylnitrilium cations
2 (Scheme 1). In the presence of water cation 2 transforms
further to N-alkylamides.

It has been known since 1948 that interaction of olefins (alco-
hols) with alkylnitriles in acidic media produces N-alkylamides
(the Ritter reaction).’>* Therefore, the observed transformation
of acetonitrile and olefin (alcohol) on H-ZSM-5 is in good ac-
cordance with the classic Ritter reaction.[® 31

It is generally accepted that the Ritter reaction proceeds via
intermediate N-alkylnitritum cations.!® 3 However, up till
now nobody has reliably identified the suggested intermediate
cation spectroscopically in acidic solution during the reaction.
In this respect, the key intermediate in the Ritter reaction has
often been depicted as the species 17, that is, one covalently
bonded to sulfuric acid by an oxygen atom, rather than the free
ion 2.8 In the zeolite the species 18, analogous to 17 in acidic

CH3 ?H;;
CHS_lc=N_ (!:'—CHB CH;—(I: :N_CI —CH;
O CH:
I ’ A\ b
SOsH Si Al
17 18

solution, should be expected as intermediate. However, if the
species 18 were formed, the '3C chemical shift for the carbon
atom attached to the oxygen in the fragment -C(O)=N- would
be at § =150-160,71 rather than at § =108-109, which is
actually observed in the spectra. Thus, our data are in favor of
the earlier suggestions!* *’ on the cationic nature of the interme-
diate formed upon acetonitrile and olefin coadsorption on
acidic zeolites.

The reaction on the zeolite possesses some peculiarities. In the
absence of water inside zeolite pores it is stopped at the stage of
the formation of N-alkylnitrilium cations (2). Only if water is
present in the zeolite or water is formed in situ, for example, if
the alcohol is involved in the reaction, the cation 2 further trans-
forms into the typical product of the Ritter reaction, N-alkyl-
amides.
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N-alkyitrilium cation 2 is not a mobile species inside zeolite
H-ZSM-5: numerous spinning sidebands from the CN group in
adsorbed cation 2 (see, ¢.g., Figure 2 A) provide evidence that it
is strongly bound to the adsorption site, a negatively charged
oxygen atom in the zeolite framework, similar to other stable
cations in zeolites—cyclopentenyl,l* 3 1%-36) indanyl,®71 and
cyclic carboxonium ions.!*® In superacidic solutions or in the
solid state, cations 2 exist as stable species with SbF ., SbCl,
and BF; negatively charged counterions.!”- 23] Moreover, they
can be further stabilized by additional solvation with Lewis
acids SbF;, SbCl;, or BF; by coordination of a halogen atom to
the cationic center.!2%- 39

The effect of stabilization of positively charged carbocationic
species by solvation that occurs in superacidic solution®? is
absent inside a zeolite. Therefore, one might expect that without
this stabilizing effect formation of alkoxy-type species 18
as intermediates with covalent C-O bonds would be more prob-
able, these being more stable than carbenium ions 4041
Nevertheless, as we have mentioned above, the cation 2, rather
than alkoxy species 18, actually occurs as intermediate in
the Ritter reaction. This fact requires further studies and, in
particular, quantum-chemical estimation of the energy of stabi-
lization of both cation 2 and species 18 with covalent C-0O
bonds.

It follows from the observation of the cation 2 rather
than species 11 that for cation 2 as well as for cyclic
cations[!3:13:36 =38 the negatively charged oxygen of the zeolite
framework in particular, and the zeolite framework as a whole,
can play both the role of counterion and that of additionally
solvating and stabilizing molecules, like SbF, in superacidic
solutions.!®!

Unlike N-alkylnitrilium cation 2, alkylcarbenium ions
CH,CH™R are not stabilized inside H-ZSM-5 zeolite and they
have never been observed spectroscopically as persistent inter-
mediates in hydrocarbon conversion on zeolites. However, spec-
troscopic data provide evidence for formation of alkylcarbeni-
um ions as active transient intermediates,[t3 715,17 34,38,42-44]
rather than alkoxy species!!% 17729431 in Jow-temperature
hydrocarbon and alcohol conversion on zeolites. Alkoxy
species are also often considered to be active intermediates on
zeolites,I!7-40-41:43.451 degpite the fact that they represent
rather stable species!!” 294941 and can be thought of as
the reaction products.[!> 844 QOne can assume that alkyl-
carbenium ions are not registered spectroscopically inside zeo-
lites because zeolites do not possess sufficient solvating ability
to stabilize these alkyl cations as occurs in the presence of
strong Lewis acids in superacidic solutions, where the alkyl-
carbenium ions are solvated completely, for example with
SbF,.3!

In the case of formation of alkylcarbenium ions in zeolite in
the presence of coadsorbed acetonitrile, the transient alkylcar-
benium ion formed is stabilized by coordination of acetonitrile.
In this respect, a molecule of acetonitrile serves as a trap for
alkylcarbenium ions. Thus we conclude that formation of N-
alkylnitrilium cations 2 persistent in the zeolite is further evi-
dence in favor of the formation of transient alkylcarbenium ions
as key reaction intermediates, rather than stable alkoxy species
under low-temperature hydrocarbon and alcohol conversion on
acidic zeolites.

Chem. Eur. J. 1997. 3, No. 1
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Conclusion

The following conclusions have been drawn from the NMR
data for acetonitrile and oct-1-ene or rerz-butyl alcohol coad-
sorbed on H-ZSM-5:

1) The Ritter reaction is observed between coadsorbed acetoni-
trile and alcohol on H-ZSM-5 to form N-alkylamides at
296 K. Thus this reaction can occur not only in liquid acidic
media but also on a solid acid catalyst, zeolite H-ZSM-5.

2) Interaction of acetonitrile and olefin on H-ZSM-5 under
anhydrous conditions gives rise to N-alkylnitrilium cations.
Their interaction with water results in the formation of the
final N-alkylamides.

3) N-alkylnitrilium cations represent persistent intermediates in
the Ritter reaction on H-ZSM-5; they have been detected
with 12C CP/MAS NMR for the first time during the reac-
tion.

4) The data obtained are evidence for the formation of interme-
diate alkylcarbenium ions from olefins and alcohols upon
their adsorption on acidic zeolite. Acetonitrile serves as a
trap for alkylcarbenium ions, converting transient alkylcar-
benium ions into persistent N-alkylnitrilium cations. The sta-
bilization of alkylcarbenium ions inside H-ZSM-5 zeolite oc-
curs by coordination of acetonitrile to form N-alkylnitrilium
ions, which have been detected with solid-state NMR.

Experimental Section

Sample preparation for selid-state NMR experiments: Approximately 0.1 g of
zeolite H-ZSM-5 (Si/Al = 49, concentration of acidic Si-OH~AI groups
2300 pmolg™ ') was loaded into a glass tube and activated by heating at
450°C for 2 h in air and for 4 h under vacuum (1073 Pa). Then we froze out
equal amounts (=300 pmolg™ ') of olefin (alcohol) and acetonitrile onto
H-ZSM-5 under vacuum at the temperature of liquid nitrogen. After sealing
off the tube containing the zeolite sample from the vacuum system, the sample
was slowly warmed to room temperature and kept at 296 K for a few hours
before the reaction products were analyzed. Analysis of the products was
made directly inside the zeolite sample with *3C and **N CP/MAS NMR in
a scaled glass tube inserted into a 7 mm zirconia rotor.

Preparation of acetonitrile complexes with Lewis acids:

CH,CN-AICI; complex (6): Anhydrous, highly dispersed AICI; powder
(0.1 g) was loaded into a glass tube in a drybox. The tubc was then sealed onto
a high vacuum system and evacuated for 4 h at 100 °C under vacuum (1073
Pa). After the sample had been cooled to room temperature it was cxposed
to acetonitrile vapor (2.0x10°Pa, calibrated volume of 84mlL, i.e.
270 umol) containing a mixture of [1-'*CJCH,;CN (80% *3C isotopc enrich-
ment) and [* NJCH,CN (95 % '$Nisotope enrichment) (1:1). The vapor was
completely consumed by the AICI, powder within 10 minutes at 296 K. The
tube with acetonitrile adsorbed on AICl; was sealed off from the vacuum
system and then placed into the zirconia rotor for recording of '*C and '*N
solid state NMR spectra of acetonitrile complexed to AICI;.

CH,CN-SbFy complex (7): 2.8 mmol of CH;CN (or [1-'*C]CH,CN) in
I mL of liquid SO, was added to the solution of SbF; (14 mmol) in SO,
(2mL) at —40°C while being stirred. The resulting solution, containing a
mixture of CH,;CN and SbF; (1:5), was stored at temperature of —20°C for
2 d before 1*C and '*N high-resolution NMR spectra were recorded.

Preparation of V-alkylnitrilium cations: Two N-alkylnitrilium cations (N-tert-
butylacetonitrilium cation 9 and N-iso-propylacetonitrilium cation 10) werc
synthesized according to the procedure of Olah and Kiovsky [7] by consecu-
tive addition under vacuum of alky! chloride (tBuCl 19 or iPrCl 20) and
CH,CN (3) (or [1-"*C]CH,CN) to the solution of SbF, (14 mmol) in SO,
(3 mL) while this was stirred at —60°C. In the resulting solution, the ratio
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3:19(20): SbF, was 1:1:5. The solutions with the formed cations were stored
at —20°C for 2 d before the cations were characterized with '*C and "N
NMR.

Solid-state NMR measurements: **C and '*N NMR spectra with cross-polar-
ization {CP) and magic angle spinning (MAS) [46,47] were acquired on a
Bruker MSL-400 NMR spectrometer operating at 100.613 (1*C) and 40.547
(*N) MHz at 296 K. The following conditions were used for CP experi-
ments: the proton high-power decoupling field was 12 G (4.9 ps 90" 'H pulse)
for both 13C and '>N CP NMR, contact time was 3 ms for *3C and 5 ms for
'SN CP experiments at Hartmann— Hahn matching conditions 51 kHy. delay
between scans was 3s. One-pulse excitation '°N solid-state MAS NMR
spectra were acquired with 457 flip angle pulse of 2.5 us duration and repeti-
tion time 10s. Number of scans for both '*C and '°N solid-statc NMR
ranged from 800 to 16000, spinning rate was 3.3 5.5 kHz. Chemical shifts
were measured with respect 1o TMS for '*C nuclei and relatively to NO, ion
for *N nuclei as external references.

High-resolution NMR measurcments: '3C and '*N high-resolution NMR
measurements were performed on a Bruker MSL-400 NMR spectromcter at
100.613 (*3C) and 28.914 (**N)MHz in sulfur dioxide solution at —20
1o —40 "C. The 45 flip angle pulse of 67 ps duration (*3C, N} and repe-
tition time between pulses of 8 s (**C) and 1 s (**N) were used for spectra
acquisition. Chemical shifts were measured with respect to external refer-
ences: TMS for *4C nuclei and CH,CN for "*N nuclei; the shift of CH,CN
was taken as 0 = - 136.4 [29] relative to the NO; ion. NMR measurements
were carried out with and without broadband proton decoupling. The latter
procedure was uscd to identify and measure 'J(!3C-'H) and ‘J(**N 'H)
couplings to help us in assignment of NMR signals.
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