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ABSTRACT: Selectivity in organic chemistry is generally
presumed to arise from energy differences between competing
selectivity-determining transition states. However, in cases where
static density functional theory (DFT) fails to reproduce
experimental product distributions, dynamic effects can be
examined to understand the behavior of more complex reaction
systems. Previously, we reported a method for nitrogen deletion of
secondary amines which relies on the formation of isodiazene
intermediates that subsequently extrude dinitrogen with concom-
itant C−C bond formation via a caged diradical. Herein, a detailed
mechanistic analysis of the nitrogen deletion of 1-aryl-tetrahy-
droisoquinolines is presented, suggesting that in this system the
previously determined diradical mechanism undergoes dynamically
controlled partitioning to both the normal 1,5-coupling product and an unexpected spirocyclic dearomatized intermediate, which
converges to the expected indane by an unusually facile 1,3-sigmatropic rearrangement. This mechanism is not reproduced by static
DFT but is supported by quasi-classical molecular dynamics calculations and unifies several unusual observations in this system,
including partial chirality transfer, nonstatistical isotopic scrambling at the ethylene bridge, the isolation of spirocyclic dearomatized
species in a related heterocyclic series, and the observation that introduction of an 8-substituent dramatically improves
enantiospecificity.

■ INTRODUCTION
Facile access to the isodiazene-reactive intermediate directly
from secondary and primary amines has greatly expanded the
ability to productively deploy nitrogen deletion as a synthetic
procedure. Several recent contributions have offered one- or
two-step procedures as an entry to these transformations
(Figure 1A),1−9 adding to the classical mechanistic studies
which established the fundamentals of these reactive species
and provided a bedrock for subsequent work.10−22 As a
prototypical skeletal edit, the continued development of
nitrogen deletion and an understanding of its accompanying
mechanism(s) are of critical importance to this growing field.23

In particular, the complexity of substrates that can be examined
has increased meaningfully with the introduction of mild
methods that improve upon the functional group tolerance and
laborious features of classical approaches, with an ensuing
examination of scaffolds that had been previously not been
subjected to scrutiny.1,24−26 One persistent feature of all
studies to date is that the geminate diradical pair formed upon
N2 extrusion from the isodiazene couples exceptionally quickly,
such that even bond rotation processes do not intervene and
stereospecificity is observed (Figure 1B).

■ RESULTS AND DISCUSSION
In that vein, we were initially perplexed to observe significant
erosion of enantiopurity in the reaction of enantiopure
tetrahydroisoquinoline (S)-1a with anomeric amide reagent
2, affording the corresponding indane product 3a in 69:31 e.r.
(Figure 2A). While we first assumed that racemizing bond
rotation in the intervening diradical was responsible for this
low stereospecificity (noting that the prior art had neither
examined 1,5-diradicals nor such electronically asymmetric
substrates), our subsequent observations in this system as
detailed herein have indicated that this seemingly simple result
belies an unusual level of underlying complexity. Our first hint
in this mechanistic puzzle was the isolation of the
dearomatized spirocycle 5a upon subjection of the analogous
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tetrahydrothienopyridine 4a to the same reaction conditions
(Figure 2B).27 The subversion of the normal nitrogen deletion
pathway in this heterocyclic system suggested that an
analogous process via intermediate II may likewise be

operative in the benzenoid series (Figure 2C) and spurred
further investigation.

Initial Experiments. We first validated that the spirocycle
5a was competent to form the analogous cyclopenta[b]-
thiophene 6a (Figure 3A). Upon thermolysis in toluene at 100

°C, 1,3-rearrangement was observed in 96% yield. Monitoring
of the reaction rate at a series of temperatures allowed
extraction of the activation parameters (ΔH‡ = 33.3 kcal/mol
and ΔS‡ = 12.7 cal/mol·K) as well as estimation of the
ΔG‡

298K at 29.5 kcal/mol. This is in good agreement with the
density functional theory (DFT) calculated barrier (an
unrestricted calculation, with spin contamination addressed
using the Yamaguchi correction) of 25.0 kcal/mol for a
stepwise pathway for this transformation involving initial
homolysis of the cyclopropane C−C bond, followed by rapid
C−C bond formation (Figure 3B).28,29 The alternative
concerted 1,3-shift, in accordance with Woodward−Hoffmann
analysis, is predicted to be prohibitively high in energy (∼11
kcal/mol higher than the stepwise process). This is further
consistent with previous observations of the thermal vinyl
cyclopropane−cyclopentene rearrangement, though we note
that the present example is far more facile than known
analogues of this transformation in neutral systems.30−36 This
unusually facile 1,3-rearrangement lends credence to the
competency of intermediate II.

We next conducted an isotope labeling study with 3,3-d2-1a
to probe the intermediacy of a symmetric cyclopropane

Figure 1. Mechanism and stereospecificity in nitrogen deletion
reactions.

Figure 2. Interrogating an alternative mechanism for the nitrogen
deletion of 1-aryl-tetrahydroisoquinolines.

Figure 3. Eyring analysis for the rearrangement of spirocycle 5a, n =
3, for each point. DFT at the UB3LYP-D3/def2TZVPP-SMD-
(PhMe)//UB3LYP-D3/6-31G(d)-SMD (PhMe) level. Corrections
to the single-point energies for the open-shell singlet geometries were
made with the Yamaguchi correction (Table S6).
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intermediate and observed incorporation of the deuterium
label into both the 2- and 3-positions of the indane product in a
64:36 ratio (Figure 4A). To further bolster this observation, we

repeated both the enantiospecificity measurements and the
deuterium incorporation experiments in triplicate for a small
series of substituted tetrahydroisoquinolines (1a−1e) and
observed consistent nonstatistical ratios across the board
(Figure 4B).

While this provided the strongest experimental evidence yet
for the intermediacy of the putative spirocycle II, we were
struck by the nonstatistical ratios. While a kinetic isotope effect
(KIE) could in principle explain the divergence from 50:50 in
the deuterium labeling experiments, a symmetric intermediate
such as II would be expected to undergo rearrangement to give
a racemic material. This partial memory-of-chirality argues
against a simplistic model in which the reaction proceeds only
though an achiral intermediate such as II. We thus considered
alternative explanations�either II must present some subtle
element of chirality, or it is not the only relevant intermediate.

Helical Chirality Hypothesis. The above discussion was
predicated on the intermediacy of the trans isomer of
intermediate II, which is achiral. However, we reasoned that
the corresponding cis isomer might display some degree of
helical chirality (Figure 5A).37−39 This proposition was based
on our observations in the heteroaromatic series of substrates

(Figure 5B). Whereas thiophene substrate 5b exclusively
afforded a spirocycle with Z olefin geometry (c.f. 5a), we found
that an N-acyl-indole substrate (5c) afforded a mixture of
olefin isomers, and further increase in the size of the N-
substituent to toluenesulfonyl (5d) led to the exclusive
formation of the E isomer.40

Given the differing steric profile of the 5- and 6-membered
ring fusions, we conjectured that the benzenoid systems may
be generating a mixture of cis- and trans-spirocyclic
intermediates, with the former displaying helical chirality that
may be responsible for the partial transfer of chiral
information. To further test this hypothesis, we prepared
substrate (R)-1f, wherein 8-methyl substitution was expected
to engender a greater preference for cis-II, in analogy to the
indole series. In the event, we observed a 95:5 e.r. in the
isolated indane product, in accordance with our hypothesis
(Figure 6A). A deuterium-labeling experiment with 3,3-d2-1f
showed similarly low deuterium scrambling (Figure 6B).

Perplexingly, while this new set of experiments was
suggestive of the intermediacy of cis-II in the reaction of 1a,
DFT calculations did not support this premise (Figure 7). The
isodiazene derived from substrate 1f was predicted to proceed
via barriers for irreversible formation of the cis and trans
isomers that were isoenergetic, inconsistent with an exclusive
cis pathway generating the observed, high enantiospecificity
[trans-TS-1(Me) vs cis-TS-1(Me)]. In addition, the putative
cyclic vinyl cyclopropane intermediates [trans-II(Me) and cis-
II(Me)] were also nearly isoenergetic demonstrating that,
unlike 5b−5d, the steric clash of the aryl substituent with
either the Me or cyclopropane cancel out. While one might
ascribe this inconsistency to a systematic computational error,
the predicted rate of enantiomerization of cis spirocycle
(TSrot

1/2, Figure 7) was substantially faster than its subsequent
stepwise 1,3-rearrangement [via initial C−C bond homolysis

Figure 4. Enantiospecificity and deuterium-labeling studies. Values in
parentheses are corrected for unlabeled starting material. n = 3 except
for 1e.

Figure 5. Probing helical chirality of the cis spiro intermediate II.1

Yield of Z isomer.
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through cis-II(Me)-TS-4] to afford indane 3f, further arguing
against chirality transfer via the cis-spirocycle. Moreover, in the
parent substrate, the barrier for the concerted process to form
the cis spirocycle directly from the isodiazene was prohibitively
high in energy (20.8 kcal/mol via cis-TS-1 vs 16.9 kcal/mol via
trans-TS-1, Figure S10). Collectively, these calculations
invalidate our hypothesis for central-helical-central chirality
transfer via the spiro intermediate II. Rather, our calculations
predict that complete racemization of intermediate II should
occur prior to the rearrangement to the indane, which is
inconsistent with our experimental data.

Two Mechanisms Hypothesis. Having discarded the
helical chirality hypothesis, we next considered experiments
that would probe whether the isodiazene proceeds via multiple
competing intermediates. Accordingly, we conducted the
deuterium-labeling experiment with the isotopomer 4,4-d2-1a
to form d2-3a (Figure 8). In the event, we observed that the

isotope scrambling ratio was significantly changed from 36:64
(in 3,3-d2-1a, Figure 4A) to 21:79 (Figure 8A). Because one

Figure 6. Probing helical chirality of the cis spiro intermediate II.

Figure 7. Interrogating a scenario involving a putatively helically chiral cis-spirocyclopropane intermediate. Corrections to the single-point energies
for the open-shell singlet geometries were made with the Yamaguchi correction (Tables S3 and S4).

Figure 8. Alternate isotope labeling experiment and simultaneous
deuterium-labeling and enantiospecificity experiments.
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intermediate cannot have two different KIEs, this immediately
necessitates the consideration of a second pathway in
competition with the formation of trans-II. To gain clarity
on this result, we prepared the enantiopure and deuterium-
labeled substrates (R)-3,3-d2-1a and (R)-4,4-d2-1a (Figure
8B,C). Upon subjection to the reaction, the enantiospecificities
were not significantly impacted by deuterium substitution, and
similarly the deuterium scrambling ratios were not significantly
affected by enantioenrichment. These results suggest that the
mechanism by which memory of chirality occurs is decoupled
from isotopic scrambling.

One can construct a numerical model that captures these
experimental results with two competitive mechanisms, one
involving the diradical I and the other involving spirocycle II
(Figure 9A). Intermediate I would preclude isotope scrambling
and proceed with some degree of stereospecificity, while
intermediate II should lead to complete racemization and near-
complete scrambling, with a 2° KIE favoring migration of the
unlabeled carbon due to hybridization changes. A system of
three equations in three unknowns built on these assumptions
predicts that the isodiazene partitions 43:57 to I and II,
respectively, with a KIE of 1.71 for the rearrangement of

intermediate II and 88% enantiospecificity from intermediate I
(see Section 4 of the Supporting Information).

Unfortunately, DFT calculations starting from the putative
isodiazene intermediate 1a-int were also inconsistent with this
model (Figure 9B).41 Specifically, two structurally similar
transition states could be found but with divergent outcomes
and significantly different energetics. The higher energy
transition state trans-TS-1 (ΔG‡ = 16.9 kcal/mol), a restricted
singlet, corresponds to a concerted cheletropic N2 extrusion
affording the vinyl cyclopropane intermediate trans-II. In
contrast, the lower energy, open-shell singlet transition state
trans-TS-1′ (ΔG‡ = 7.7 kcal/mol) exhibits much longer C−N
(2.94 vs 2.46 Å) and C−C (2.52 vs 2.38 Å) bonds.
Unexpectedly, optimization of the end point of intrinsic
reaction coordinate (IRC) for this transition state provided the
stereoretentive product (R)-3a directly (i.e., without formation
of a diradical intermediate along the IRC), suggesting a direct
coupling pathway (Figure S7). Though this latter pathway
could in principle f unction in an analogous fashion to
intermediate I, the predicted energy difference between these
two transition states (ΔΔG‡ = 9.2 kcal/mol) is inconsistent

Figure 9. Interrogating a scenario involving competing diradical and cheletropic mechanisms. ΔΔG is the energetic difference between open-shell
singlet trans-TS-1′ and closed-shell *trans-TS-1 computed using UB3LYP-D3/6-31G(d)-SMF(THF) and RB3LYP-D3/6-31G(d)-SMF(THF),
respectively. Corrections to the single-point energies for the open-shell singlet geometries were made with the Yamaguchi correction (Tables S3
and S4).
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with the 43:57 partitioning ratio modeled from the
experimental results.

Moreover, it was unclear how enantioerosion might arise in
a direct coupling with no discrete diradical. The stepwise
homolysis (via cis-TS-2) of the weaker benzylic C−N bond
(to form diradical I′) was ruled out (>10 kcal/mol above
either competing mechanism).

Dynamic Effects. These inconsistencies prompted us to
consider dynamic effects as a possible explanation.42−47 Such
dynamic effects have been well documented in related 1,4-
diradical systems, but 1,5-diradicals have been comparatively
understudied.48−57 Given the relatively flat surface and
similarity of structures along the IRC to diradical inter-
mediates, we considered that dynamic effects from an open-
shell, asynchronous N2 extrusion (i.e., an non-IRC pathway via
a potential entropic diradical intermediate) could explain the
experimental results.

To explore this mechanistic possibility, we performed quasi-
classical molecular dynamics simulations using Progdyn from
trans-TS-1′ toward the direction of the products at 300 K over
2000 fs with a time step of 1 fs (Figure 10) (see the Supporting

Information for details). Overall, in contrast to static DFT
calculations, these dynamic simulations led to four main
outcomes: (i) spirocycle II (6%), (ii) entropic intermediate
diradical I (46%),45,58−63 (iii) (S)-3a (inversion, 21%), and (iv)
the (R)-3a IRC product (retention, 26%). Notably, from trans-
TS-1′, the majority of trajectories (73%) proceed along a non-
IRC pathway, leading to the formation of (i)−(iii).

We also investigated classical dynamics of trans-TS-1′ with a
more robust and computationally intensive Born−Oppen-
heimer molecular dynamics64 (BOMD, see the Supporting
Information for details) employing the canonical (N, V, E)
ensemble. BOMD affords very similar results to Progdyn
(within ∼2% of original predictions) with the notable
exception that it predicts the formation of a high-energy
spirodiazene intermediate (P/M-trans-III, Figure S20) instead

of the thermalized diradical I. DFT calculations predict that
C−N bond homolysis from P/M-trans-III would occur with a
barrier of ∼8 kcal/mol to generate a diazenyl diradical (P/M-
trans-I′ via P/M-trans-TS-6, Figure S21). The formation of the
thermalized diradical I would then occur by stepwise
homolysis with an insignificant barrier of 0.7 kcal/mol (P/M-
trans-TS-3, Figure S21).

As the barrier for the alternative mechanism via cis-TS-1′
was significantly higher in energy (∼2 kcal/mol), the products
from the dynamic simulations from this competing transition
state are not expected to contribute significantly to the overall
product distribution (see Figure S14 for further details).
Though these combined trajectories are not in perfect
numerical agreement with the experimental results, the
prediction of the spirocyclopropane intermediate II as a
competitive pathway is far more consistent than the >106:1
ratio suggested by static DFT, and the identification of a
dynamically accessible inversion pathway via I is likewise more
consistent than the purely stereospecific direct coupling
predicted by static DFT.

In the 8-methyl-substituted analogue (1f-int), the concerted
cheletropic N2 extrusions [affording the vinyl cyclopropane
intermediates trans-II(Me) and cis-II(Me), via trans-TS-
1(Me) and cis-TS-1(Me), respectively] were once again
higher in energy than the open shell transition states trans-
TS-1′(Me) and cis-TS-1′(Me). Additionally, trans-TS-1′(Me)
exhibited much longer C−N (3.08 vs 2.46 Å) and C−C (2.52
vs 2.38 Å) bond lengths than trans-TS-1(Me) with an increase
in the magnitude of Mulliken spin at the site of C−N bond
cleavage (Figure S11). Contrary to 1a-int, the open-shell
singlet transition states trans-TS-1′(Me) (ΔG‡ = 8.5 kcal/
mol) and cis-TS-1′(Me) (ΔG‡ = 8.9 kcal/mol) are nearly
identical in energy. Once again, the optimization of the end
point of the IRC calculations for transition states trans-TS-
1′(Me) and cis-TS-1′(Me) (Figures S8 and S11) provided the
stereoretentive product (R)-3f directly. Accordingly, analogous
quasi-classical molecular dynamics simulations were propa-
gated from the isoenergetic transition states trans-TS-1′(Me)
and cis-TS-1′(Me) (Figure 11, for additional details, see Figure
S17). In both cases, the only indane product observed was the
retention product (R)-3f (91 and 57% of trajectories,
respectively). Additionally, no 1,3-coupling trajectories were
observed starting from either transition state, consistent with
the minimal isotopic scrambling observed in 3,3-d2-1f.

Comparison of the mechanism of inversion starting from
trans-TS-1′ and trans-TS-1′(Me) reveals a dynamic main-
tenance of helical chirality which manifests through torsional
strain in the latter trajectories rather than via a helically chiral
spirocyclic intermediate as originally proposed above. This
torsional strain prevents the aryl group from rotating past the
8-methyl substituent and thus enforces enantiospecificity.65−67

Moreover, this same torsional effect also prevents the 1,3-
coupling from occurring and substantially decreases the
lifetime of the diradical (6% compared to 46% remaining at
2000 fs).

In conclusion, we have provided evidence for the formation
of a dearomatized spirocycle intermediate in the nitrogen
deletion reaction of tetrahydroisoquinolines through a
combination of enantiospecificity measurements, isotope-
labeling experiments, and quantum mechanical calculations,
as well as by analogy to isolable analogues formed from
heterocyclic variants of this scaffold. A unified model involving
dynamically controlled partitioning between this unusual

Figure 10. Dynamic effects indicate the formation of both 1,3- and
1,5-coupling products from a single transition state and explain the
observed nonstatistical product distribution.
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spirocycle and the traditional diradical mechanism, with
torsional control of diradical dynamics influencing stereo-
specificity is proposed to explain the nonstatistical exper-
imental results. This study adds to the growing body of
understanding concerning the reactivity of isodiazenes and
showcases a practical application of molecular dynamics in
elucidating complex reaction mechanisms for which static DFT
fails.
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