Stereochemical Control of the Triflate Mediated Intramolecular

Schmidt Reaction

Lars Gnéagi,? Florence Giornal, Harish Jangra,® Ajoy Kapat,? Erich Nyfeler,? Robin Marc Schérer,® Hen-

drik Zipse*® and Philippe Renaud*?

a) Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3

CH-3012 Bern (Switzerland)

b) Department of Chemistry, LMU Miinchen, Butenandtstrasse 5-13

81377 Miinchen (Germany)

KEYWORDS. azide, Schmidt reaction, stereochemistry, 1,2-migration, azabicyclic compounds, alkaloids.

ABSTRACT: The stereoselectivity of the triflate mediated intramolecular Schmidt reaction of substituted 3-(1-azidocyclohexyl)pro-
panol derivatives leading to octahydro-1H-pyrrolo[1,2-alazepine, the structural skeleton of several important families of alkaloids
such as the Stemona alkaloids, has been examined. The reaction involves an initial intramolecular Sy2 reaction between the azide
moiety and the triflate affording an intermediate spirocyclic aminodiazonoium salt that undergoes the expected 1,2-shift/N,-elimi-
nation followed by hydride mediated iminium salt reduction. Remarkably, chiral alcohols are converted to the azabicylic derivative
with no or limited racemization. The initial asymmetric alcohol center controls the diastereoselectivity of the whole process leading
to the formation of one out of the four possible diastereoisomers of disubstituted octahydro-1H-pyrrolo[1,2-alazepine. The origin
of the stereoselectivity of is rationalized based on theoretical calculations.

Introduction

In the early 1990s, Aubé!=> and Pearson® independently re-
ported an intramolecular Schmidt reaction involving the reac-
tion of alkyl azides with cationic species obtained by diverse
procedures including treatment of ketones, aldehydes,
hemiketals, ketals, alkenes, alcohols and epoxides with Lewis
or Brgnstedt acids.”® This reaction was applied for the synthe-
sis of a variety of nitrogen containing heterocycles and natu-
rally occurring alkaloids.>° The regioselectivity of the carbon-
to-nitrogen 1,2-shift was rationalized by assuming a concerted
migration mechanism over a nitrenium formation. In the con-
certed process, migration of a bond that is approximately anti-
periplanar®!! to the departing nitrogen in the aminodiazonium
ion being preferred (Scheme 1, A).® No regioselectivity was ob-
served for the reaction leading to indolizidine from tertiary al-
cohols (Scheme 1, B), this was rationalized by a non-regiose-
lective 1,2-shift of the intermediate spirocyclic aminodiazo-
nium salt resulting from the rearrangement of the initially
formed cation followed by reaction with the azide. In such a
system, the aminodiazonium salt is believed to exist as a rap-
idly equilibrating mixture of epimers at the nitrogen atom.®
This assumption is in accordance with calculations by Glaser,
who reported that the activation barrier on the pyramidal ni-
trogen is low.” The stereochemical outcome of the intramolec-
ular Schmidt reaction has also been examined by Aubé, who
discussed the preferential migration of the on-tether substitu-
ent and reported that the stereochemistry at the migrating
carbon was preserved similarly to what is observed for other
sextet rearrangement processes.® More interestingly, by using

chiral 1,2- and 1,3-azidoalcohols, good to excellent control of
the stereochemistry could be obtained for the desymmetriza-
tion of 4-substitued cyclohexanone (Scheme 1, C).>1%%2 This
process requires formation of an aminodiazonium cation bear-
ing a chiral center next to the azido group followed by a stere-
oselective 1,2-shift. The C—C bond anti to the phenyl group at
the chiral center of the azidoalcohol is migrating. Assuming an-
tiperiplanar migration suggests that the migration involves a
conformation where the diazonium substituent is lying cis to
the phenyl ring.

Scheme 1. Regio- and stereoselectivity of the intramolecular
Schmidt reaction.
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In a recent paper, we reported a modified protocol in which
the Schmidt reaction is run under nonacidic conditions by con-
verting azidoalcohols into azidotriflates that rearrange sponta-
neously. This approach allows to avoid rearrangement of the
intermediate carbocations (see Scheme 1, B) and was used for
a concise synthesis of indolizidine 167B.%! Interestingly, race-
mization caused by the formation of carbocation intermedi-
ates is expected to be suppressed opening new opportunities
for asymmetric Schmidt reactions involving chiral azidoalco-
hols. For instance, the preparation of enantiomercially en-
riched substituted octahydro-1H-pyrrolo[1,2-a]azepine,? a
skeleton found in many alkaloids natural products such as
Stenoma alkaloids®® and dendrobatid frog alkaloids,**> is ex-
pected to be possible starting from easily available azidoalco-
hols such as 1-substituted 3-(1-azidocyclohexyl)propan-1-ols
(Scheme 1, D). We report here that such reactions involving a
chiral alcohol as unique element of asymmetry are highly dia-
stereoselective and take place with no or very limited racemi-
zation.

RESULTS AND DISCUSSION

Reactivity of the system and 1,2-stereocontrol of the imin-
ium reduction by an adjacent silyloxy group

The reaction conditions were optimized with the dioxolanyl
acetal 1. Under our optimized conditions,!! the octahydro-
pyrroloazepine 2 was obtained in good yield using DIBAL as a
reducing agent (Scheme 2). Starting from the azidoalcohol 3
containing an asymmetric center adjacent to the azido group,
a moderate stereocontrol for the hydride addition to iminium
ion 4im* using NaBH, leading to cis-4 (after desilylation) was
observed. As expected, the hydride delivery is taking place anti

to the bulky silyloxy group (Scheme 2, E). Increasing the control
of the diastereoselectivity using DIBAL was not attempted.

Scheme 2. Formation of pyrrolo[1,2-a]azepine 2 and 4 and
stereoselectivity of the reduction of the iminium salt 4im*.
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lective 1,2-shift.

When the acetal is replaced by a phenyl group, the starting
material 5 remains achiral but the iminium ion intermediate
6im* is chiral. Therefore, the stereochemical outcome of the
reduction of the iminium ion 6im* is controlled via a 1,4-induc-
tion process. Product 6 was formed with a moderate stere-
ocontrol when reacted with NaBH4, NaBH3CN and LiAlH4. An
excellent cis stereocontrol was obtained with DIBAL (Table 1).

Table 1. 1,4-Stereocontrol during the Schmidt reaction con-
verting azidoalcohol 5 to pyrrolo[1,2-a]azepine 6.

N 1) NaH, Tf,0 -
' OH " 2° |, N
. -78°Ctort |
Ph* _
5 6im OTf
2) hydride ph....CT\/> . ph...Q\‘D
-78°Ctort h Fi
cis-6 trans-6
Entry Reagent Yielda cis/transb
1 NaBH4 n.d. 67:33
2 NaBH;(CN) n.d 64:36
3 LiAlH, 60% 84:16
4 DIBAL 77% 95:5

a) Isolated vyields. b) Determined by 1-H-NMR analysis of the
crude products.

The very high cis diastereoselectivity observed for the reduc-
tion of the iminium ion 6im* (1,4-induction) is puzzling and can
potentially result from strong cation-nt interactions between



the phenyl group and the iminium ion which effectively shields
the bottom face of the iminium during the reduction favouring
the anti addition of the hydride. A detailed analysis of the con-
formational space of cation 6im* was performed (see support-
ing information for full details). All the QM results are reported
at the PCM(CH,Cl,ua0)/DLPNO-CCSD(T)/cc-pVTZ//B3LYP-
D3/6-31G(d) level of theory. The best cation-mt interaction-in-
duced folded conformation is 12.5 kJ/mol and 18.3 kJ/mol
higher in terms of enthalpy (AHs.) and free energy (AGso) with
respect to the global minimum extended conformation (Figure
1). Thus, preference for a folded conformation of iminium cat-
ion (6im*) due to cation-mt interactions as initially hypothesized
is not supported by these results. Restricted conformational
analysis of iminium salt 6im indicates that triflate anion prefers
to coordinate to the concave face of the iminium intermediate.
This conformation was also found to be prevalent in the solid-
state structure of 6im determined by single crystal X-ray anal-
ysis (Figure 1).%6 In the lowest energy conformer of iminium salt
6im, the face syn to the phenyl group is blocked by triflate an-
ion, thus favouring the formation of the cis product through
anti addition of the hydride (Model F). Calculation of transition
state energies were performed to get a better understanding
of the factors governing the stereochemistry of the reduction
of 6im* with DIBAL. Reaction barriers calculated for the reduc-
tion of cation 6im* with DIBAL predict a 9.5 k) mol~ preference
for the formation of cis-6 (TS-anti) relative to trans-6 (TS-syn)
(Figure 1), which implies that the experimentally observed ste-
reoselectivity is a kinetic phenomenon, cis-6-Al(i-Bu),* being
less stable than trans-6-Al(i-Bu),* by 10.9 kJ mol= in CH,Cl; (see
supporting information).

Possible conformations of iminium cation 6im*  X-ray crystal structure of 6im
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Figure 1. Conformational energetics of iminium cation 6im*. X-ray
structure analysis of 6im (ellipsoids drawn at 50% probability) and
proposed model for 1,4-induction during hydride addition to 6im
as well as calculated anti and syn transition states barriers (based
on best conformer) for the reaction 6im* with DIBAL. Calculations

have been performed at the PCM(CH,Cl,,ua0)/DLPNO-CCSD(T)/cc-
pVTZ//B3LYP-D3/6-31G(d) level of theory.

The Schmidt reaction with the OTBS substituted alcohol 7
containing a single asymmetric center at C(1) (product num-
bering) was investigated. The configuration of the starting ma-
terial 7 was assigned by single crystal X-ray analysis of the 3,5-
dinitrobenzoate ester 7dnb.*® During the Schmidt reaction, a
second chiral center at C(7) is created during the 1,2-migration
process and a third one at C(9a) is introduced during the final
hydride addition step. Desilylation during workup eventually
leads to aminoalcohol 8. When the reaction was run with
DIBAL, a mixture of 2 diastereomers (out of the four possible)
in a 85:15 ratio was observed. By running the final iminium re-
duction step with NaBH,, a single diastereomer was obtained
(Scheme 3). The 3,5-dinitrobenzoate ester 8dnb was prepared
from the major isomer of 8 by acylation with 3,5-dinitroben-
zoyl chloride. Its relative (1RS,7SR,9aSR) configuration could be
determined unambiguously by single crystal X-ray analysis
(Scheme 3).%6 Based on the relative configuration of the start-
ing azide 7 (azido group trans to the phenyl substituent, see X-
ray structure of 7dnb in Scheme 3) and the relative configura-
tion of the final product 8 (see X-ray structure of 8dnb in
Scheme 3), one can conclude that the C—C bond anti to the
OTBS group is migrating (Figure 2, G) and that the final hydride
addition to the iminium ion Zim* is taking place anti to the phe-
nyl group (1,4-induction) and syn to the adjacent OTBS group.

Scheme 3. Stereochemical outcome of the intramolecular
Schmidt reaction with 7. X-ray structure analysis of 7dnb and
8dnb (major diastereomer) (ellipsoids drawn at 50% proba-
bility).
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The remarkable diastereoselectivity of the 1,2-migration
process is supported by reaction path calculations. Migration
of the anti C—C bond in the aminodiazonium ion 7ad* enjoys a



barrier advantage of at least 15 k) mol™ (see Figure 2, G). This
barrier difference is largely similar in the gas phase or in solu-
tion and may thus derive predominantly from differences in
the alignment of the reacting C—C and C—N bonds with the sur-
rounding substrate scaffold. It should be added that the ener-
getic benefit of the anti over the syn transition state is com-
pletely lost upon formation of the respective iminium ions cis-
8im*/trans-8im* (which are found to be isoenergetic). The final
hydride addition to the iminium ion trans-8im* is taking place
anti to the phenyl group (1,4-induction) and syn to the adja-
cent OTBS group. This process was examined through theoret-
ical calculations in CH,Cl, solution.’ The ten energetically most
favourable conformations of this cation are of the extended
type, which precludes control of the reduction step through a
folded transition state (see supporting information). Confor-
mational analysis of the full ion pair trans-8im, however, indi-
cates that the silyloxy substituent present in this system directs
the triflate anion exclusively to the anti (relative to OTBS or
bottom) face of the iminium ion. The energetically best con-
former with the triflate anion in top location is located 19.5 kJ
mol? higher in energy, which is in full support of the model
presented in Figure 2 H. The use of a smaller reducing agent
(NaBH,) instead of DIBAL favours the top face approach by
minimizing destabilizing interactions with the OTBS group.
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Figure 2. Rationalization of the stereochemical outcome of the
conversion of 7 to 8 and transition state barriers (AGso, in kil mol-
1) for concerted C to N bond migration (anti and syn relative to
OTBS group) calculated at the PCM(CH,Cl,,ua0)/DLPNO-
CCSD(T)/cc-pVTZ//B3LYP-D3/6-31G(d) level of theory.

Stereospecificity of the Schmidt reaction involving chiral al-
cohols

In Pearson's version of the intramolecular Schmidt reaction,
the alcohol center is converted to a cation, therefore this cen-
ter cannot be used to control the absolute configuration of the
final product.® The triflate mediated version of the Schmidt re-
action offers a possibility to use a chiral alcohol to control the

absolute configuration of the products since the reaction most
probably does not involve the formation of a cationic interme-
diate (at least for primary and secondary alcohols). To test this
hypothesis, four different chiral alcohols 10-13 bearing a sin-
gle chiral center at the alcohol position were prepared
(Scheme 4). Alcohols 10 and 11 were prepared by a N,N-dibu-
tyl-D-norephedrine ((—-)-DBNE) and (+)-N-methyl ephedrine
catalyzed enantioselective addition'®2?! of Et,Zn (10) and phe-
nylacetylene (11) to the aldehyde 9 prepared by oxidation of
the primary alcohol 5. Brown asymmetric allylboration?? of 9
afforded the homoallylic alcohol 12. Finally, the benzylic alco-
hol 13 was prepared from ketone 14 via CBS-mediated enanti-
oselective reduction.?® The absolute configurations of 10-13
were attributed based on reported stereochemical outcome of
similar reactions. For compound 10, single crystal X-ray analy-
sis of the 4-bromo-3-nitrobenzoate ester 10bnb® confirmed
its (S)-absolute configuration in accordance with expecta-
tions.%

Scheme 4. Preparation of chiral alcohols 10-13. X-ray struc-
ture analysis of (S)-10bnb (ellipsoids drawn at 50% probabil-

ity).
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The intramolecular Schmidt reaction involving 10-13 was in-
vestigated next (Table 2). Under the standard reaction condi-
tions, all four alcohols gave the desired bicyclic amides 15-18
in 32—-85% yield as a single diastereomer. Interestingly, the en-
antiomeric ratio of the starting material was fully preserved for
15 and 16 and only slight loss of optical purity was observed
for 17 and even more remarkably for 18 derived from the ben-
zylic alcohol 13. The absolute configuration of 15 could be es-
tablished using single crystal X-ray analysis of its (R)-mandelic
acid salt (Figure 3).16

Table 2. Intramolecular Schmidt reaction involving enanti-
oenriched chiral alcohols 10-13.
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Figure 3. Determination of the absolute configuration of
(3R,75,9aS5)-15 by X-ray structure analysis of its (R)-mandelic salt
(ellipsoids drawn at 50% probability).
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The absolute configurations (S)-10 and (R)-15 demonstrate
that the intramolecular Schmidt reaction proceeds with inver-
sion of configuration at the alcohol stereocenter. This indicates
that an Sy2-type mechanism is involved in the formation of the
intermediate spirocyclic aminodiazonium salt 10ad* (Figure 4,
1). Even the benzylic alcohol 13 reacts mainly via an Sy2 path-
way since only limited racemization is observed. The diastere-
oselectivity of 1,2-shift is then controlled by the C(3) chiral cen-
ter according to Figure 4 (J). Selective migration of the C-C
bond anti to the substituent at position 3 is observed. Since
migration is expected to occur anti to the N-N,* bond, it sug-
gests that the C(3) substituent and the diazonium residue are
cis to each other in the reactive conformation of the aminodi-
azonium intermediate 10ad*. This result is in accordance with
Aubé's results discussed in Scheme 1 (C),*° and also fully sup-
ported theoretical calculations of the reaction energy profiles
(see supporting information).!” The anti-migration pathway 1is
found to be 8.5 k) mol* more favourable than the respective
syn-migration pathway (Figure 4, J). Finally, the reduction lead-
ing to the formation of the third asymmetric center at C(9a) is
fully controlled by cooperative 1,4- and 1,3-induction pro-
cesses from C(3) and C(7) (Figure 4, K).
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Figure 4. Stereochemical outcome of the reactions with chiral al-
cohol 10. Transition state barriers (AGso, in kJ mol?) calculated at
the PCM(CH,Cl,,ua0)/DLPNO-CCSD(T)/cc-pVTZ//B3LYP-D3/6-
31G(d) level of theory.

CONCLUSION

We have demonstrated that the triflate mediated intramo-
lecular Schmidt reaction can be highly diastereoselective in
case of symmetrical 4-substituted cyclohexyl derivatives when
a chiral center is present in the carbon chain linking the azide
and the alcohol. When the chirality is at the alcohol center, the
process involves an initial intramolecular Sy2 reaction between
the azide moiety and the triflate. Starting from an enantiopure
chiral alcohol leads to an inversion of the stereocenter with no
or limited racemization depending on the substituents. Inter-
estingly, the inverted stereocenter is then able to control the
diastereoselectivity of the subsequent 1,2-alkyl shift. Since the
stereochemistry of the final reduction step using a hydride
source is also diastereoselective, this process allows to prepare
selectively one out of the four possible diastereoisomers of di-
substituted octahydro-1H-pyrrolo[1,2-alazepine in a highly en-
antioenriched form. Application of this stereoselective process
for the synthesis of naturally occurring alkaloids is currently
ongoing and will be reported in due course.
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