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4 ABSTRACT: Under silver catalysis conditions, using [Tp*,BrAg]2 as
5 the catalyst precursor, allenes react with PhINTs in the first
6 example of efficient metal-mediated intermolecular nitrene transfer to
7 such substrates. The nature of the substituent at the allene seems
8 crucial for the reaction outcome since arylallenes are converted into
9 azetidine derivatives, whereas methylene aziridines are the products
10 resulting from alkylallenes. Mechanistic studies allow proposing that
11 azetidines are formed through unstable cyclopropylimine intermedi-
12 ates, which further incorporate a second nitrene group, both processes
13 being silver-mediated. Methylene aziridines from alkylallenes derive
14 from catalytic nitrene addition to the allene double bonds. Both
15 routes have resulted to be productive for further synthetic
16 transformations affording aminocyclopropanes.

17 ■ INTRODUCTION

18 Among the catalytic methods developed in the last decades for
19 the generation of carbon−nitrogen bonds, the metal-induced
20 transfer of nitrene ligands to saturated or unsaturated
21 substrates has emerged as a powerful tool toward that end.1

22 The transient metallonitrene intermediates2 are frequently
23 generated in situ upon reaction of the metal catalyst with azide,
24 iminoiodonane, or a mixture of amine and an oxidant. In this
25 manner, a number of compounds such as aziridines or amines,
26 among others, both in inter- or intramolecular transformations,

s1 27 have been prepared (Scheme 1), as a consequence of the
28 addition or insertion of the nitrene unit to CC or C−H
29 bonds, respectively.

30 Allenes have also been studied as substrates in this context,
31 albeit to date metal-catalyzed examples are reduced to
32 intramolecular processes.3 Intermolecular transformations are
33 only known for free nitrene processes, lacking any chemo- or
34 regiocontrol.4 The first examples of the former appeared in
35 2010 when Blakey5 and Robertson6 independently reported

s2 36 the rhodium-catalyzed amination of sulfamate-containing

37 s2allenes leading to aminocyclopropanes (Scheme 2a), using
38PhI(OR)2 as the oxidant. The use of allenyl carbamates instead
39of sulfamates provided, under similar reaction conditions and
40rhodium catalysis, methylene aziridines instead of amino-
41cyclopropanes.7 From those initial findings, the group of
42Schomaker8 has propelled this allene functionalization
43chemistry, not only with rhodium but also with silver-based
44catalysts, leading to methylene aziridines en route to a number
45of derivatives (Scheme 2b). Inspired by these precedents, and
46the lack of intermolecular examples for allene functionalization
47with the nitrene transfer methodology, we have focused on this
48goal. Our group has investigated over the years the
49development of copper- and silver-based catalysts for the
50incorporation of nitrene units to organic substrates, either the
51addition to double9 or triple10 carbon−carbon bonds or the
52insertion into C−H bonds,11 among others.12 Herein we
53report the results obtained with allenes as the substrates and
54PhINTs (Ts = p-toluensulfonyl) as the nitrene source
55(Scheme 2), in the first effective catalytic system for the
56functionalization of such unsaturated molecules by metal-
57induced nitrene addition. Interestingly, we have found that the
58nature of the substituents of the allenes exerts a decisive
59control in the reaction outcome, leading to azetidines or
60methylene aziridines from aryl- and alkyl-substituted allenes,
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Scheme 1. Metal-Catalyzed Nitrene Transfer Reaction
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61 respectively. A mechanistic proposal is presented based on
62 experimental data and computational calculations.

63 ■ RESULTS AND DISCUSSION
64 Functionalization of Phenylallene: The Probe Reac-
65 tion. We first studied the reaction of phenylallene with PhI
66 NTs in the presence of [Tp*,BrAg]2 as catalyst, given the
67 already described performance of this silver complex in
68 intermolecular nitrene transfer processes.9−11 When a
69 1:40:400 mixture of [Tp*,BrAg]2:PhINTs:phenylallene
70 (0.005 mmol of catalyst employed) was stirred at room
71 temperature for 2 h in CH2Cl2, a smooth reaction took place as
72 inferred from the gradual incorporation of insoluble PhINTs
73 into the solution. After that time the volatiles were removed
74 and the crude was investigated by NMR, showing deceptively
75 simple spectra. The 1H NMR spectrum contained (see SI), in
76 addition to two inequivalent sets of resonances typical of the
77 tosyl (toluensulfonyl) groups, an ABX spin system, corre-
78 sponding to a CH−CH2− unit, indicating a substantial
79 modification of the initial 3H pattern in the starting allene
80 substrate. Only when single crystals were grown was the
81 structure of this new compound 1 identified by X-ray studies as
82 that of (E)-4-methyl-N-(4-phenyl-1-tosylazetidin-2-ylidene)-
83 benzenesulfonamide, derived from the incorporation of two
84 NT groups to the allene molecule, which has undergone a shift

s3 85 of two H atoms from their initial location (Scheme 3). To our
86 knowledge, there is no precedent of the formation of this type
87 of compounds from allenes in the context of nitrene transfer.
88 After this finding, we performed a study toward catalyst
89 screening, with phenylallene and PhINTs, employing several
90 Cu, Ag, and Au complexes with Tpx (hydrotrispyrazolyborate)
91 or NHC (N-heterocyclic carbene) ligands, among others.
92 Additionally, we also selected Rh2(OAc)4 in view of the
93 previously described catalytic activity in the intramolecular

94nitrene transfer reactions to allenes.5−8 The results are shown
95 f1in Figure 1. Regarding copper-based catalysts, CuI and

96IPrCuCl revealed essentially no catalytic activity, with product
97being either not observed or within the detection limit by
98NMR. Similar behavior was observed with the TpMsCu(THF)
99catalyst, which was largely surpassed by complexes Tp*Cu-
100(MeCN) and TpBr3Cu(MeCN), showing the TpMs < Tp*<
101TpBr3 activity trend. Since the order of electronic density at
102copper for the TpxCu cores is Tp* < TpMs < TpBr3, we
103interpret that (a) the steric pressure of the TpMs ligand does
104not favor this transformation and (b) the more electron
105deficient metal centers favor the transformation. Also, gold-
106and rhodium-based catalysts turned out to be practically
107inactive for this transformation, unlike the excellent results
108obtained with the latter in the intramolecular transformations
109mentioned above. Finally, among the silver-based catalysts
110selected, the [Tp*,BrAg]2 complex revealed the best activity.
111The structure of this complex is dinuclear,13 albeit in solution
112it equilibrates with mononuclear Tp*,BrAg units available for
113catalysis. The perbromo analogue [TpBr3Ag]2 was at variance
114inactive, in line with the behavior of both complexes in
115previous studies regarding alkane amidation reactions.11c

116The use of solvents previously described in rhodium
117intramolecular allene functionalization such as tBuCN or
118isopropylacetate was not useful with our silver catalysts: the
119nitrile blocked the transformation, very likely due to
120coordination to the metal center, whereas the acetate led to
121only 18% yield.
122Scope of the Reaction of Allenes with PhINTs:
123Substrate Control of the Selectivity. Under the optimized

Scheme 2. Allene Functionalization by Metal-Catalyzed
Nitrene Transfer Reactions

Scheme 3. Azetidine Formation from Silver-Catalyzed
Nitrene Transfer to Phenylallene

Figure 1. Catalyst screening for the nitrene transfer reaction onto
phenylallene.
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124 conditions (see SI for all variables studied), the scope of the
125 reaction has been extended to different allenes, a first group
126 bearing an aryl group located at C1. The results are displayed

t1 127 in Table 1. The presence of a Me substituent in the phenyl

128 group led to the corresponding azetidines 2−4 (Table 1,
129 entries 2−4), with yields following the trend para > meta >
130 ortho, indicating some steric hindrance of this group in the
131 reaction outcome. In the case of introducing an electron-
132 withdrawing substituent in the aryl ring, such as Cl− or F−,
133 the yields of azetidines 5 and 6 were 36% and 20%, respectively
134 (Table 1, entries 5, 6). In line with this electronic effect, the
135 OMe derivative was highly reactive, giving rise to a mixture of
136 products where azetidine 7 was present in only 16% yield
137 (Table 1, entry 7). 1,1-Disubstituted allenes were also
138 screened, but the expected azetidines were formed in very
139 low yields. In all cases, except for the OMe derivative, the mass
140 balance was completed with TsNH2 formed from initial PhI
141 NTs.14

142A second group of allenes investigated contains an alkyl
143 s4substituent instead of an aryl one (Scheme 4). Under the same

144reaction conditions, hexylallene showed a completely distinct
145behavior compared with the previous arylallenes. NMR studies
146of the reaction crude showed two sets of resonances, which
147have been identified as the methylene aziridines 10a and 10b
148in 80:20 ratio, respectively, and with a yield of 40% (TsNH2
149accounted for 100% initial PhINTs). Both compounds 10a
150and 10b result from the respective metal-induced addition of
151the nitrene unit NTs to the internal or terminal double bond,
152respectively.
153The substrate scope of this latter transformation was next
154examined with a series of aliphatic allenes (Scheme 4).
155Moderate to good yields (30−70%) were obtained for the
156array of substrates selected. Using a symmetric allene (R1 = R2

157= nPr), the methylene aziridine 11 was obtained with a yield of
15865%. The benzyl derivative was less reactive, whereas the cyclic
159symmetrical cyclonone-1,2-diene led to the cyclic methylene
160aziridine 13, for which single crystals were grown, allowing the
161determination of the solid-state structure by X-ray studies
162(Scheme 4). However, disubstitution at C1 or substitution
163with an electron-withdrawing group such as CO2Et inhibited
164this transformation. These conversions of allenes into
165azetidines and methylene aziridines are the first examples of
166metal-catalyzed routes leading to such compounds in an
167intermolecular fashion.
168Mechanistic Precedents and Proposal. Previous work
169from our group9,15 with the TpxAg core (from dinuclear
170[TpxAg]2)

13 in olefin aziridination reactions has shown that the
171process starts with the formation of a triplet nitrene TpxAg-
172NTs, which further interacts with the olefin en route to the
173formation of the aziridine, in a stereoretentive transformation.
174In view of these precedents and the related work from the
175group of Schomaker,3,8 it seems reasonable proposing the

Table 1. Scope of the Reaction of PhINTs and Aromatic
Allenes Using [Tp*,BrAg]2 as Catalyst

a

aReactions carried out at room temperature with 0.005 mmol of
catalyst, 40 equiv of PhINTs, and 400 equiv of allene in 6 mL of
CH2Cl2. Reaction time: 2 h. bDetermined by NMR using 1,3,5-
trimethoxybenzene as internal standard. TsNH2 accounted for 100%
of initial PhINTs not converted to azetidine. cStructure confirmed
by X-ray studies (see SI). dLow yield precluded full characterization.

Scheme 4. Scope of the Reaction of PhINTs and Aliphatic
Allenes Using [Tp*,BrAg]2 as Catalyst

a

aReactions carried out at room temperature with 0.005 mmol of
catalyst, 40 equiv of PhINTs, and 400 equiv of allene in 6 mL of
CH2Cl2. Reaction times: 2−4 h. Yields determined by NMR using
1,3,5-trimethoxybenzene as internal standard. TsNH2 accounted for
100% of initial PhINTs not converted to methylene aziridine.
Isolated yield in brackets.
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176 formation of a mixture of methylene aziridines as the result of
177 the Ag-catalyzed transfer of the NT group to both inequivalent

s5 178 CC bonds in the allenes (Scheme 5a). These results are in

179 agreement with the reaction outcome for alkyl-substituted
180 allenes, either mono- or disubstituted (Scheme 4), but not
181 with that observed for arylallenes (Scheme 3), where azetidines
182 have been generated. However, we must recall independent
183 work by Risler16 and Shipman17 on the stability of methylene
184 aziridines. Risler demonstrated that N-alkyl methylene
185 aziridines thermally convert into cyclopropylimines at high
186 temperatures (Scheme 5b). Also, isomerization of methylene
187 aziridines occurs under the reaction conditions. Shipman later
188 demonstrated that N-aryl methylene aziridines undergo such
189 conversion at lower temperatures (Scheme 5c), but the
190 presence of alkyl groups in the alkenyl fragment blocks the
191 formation of the cyclopropylimine. The effect of the N-
192 substituent and the C-substituent can be explained by the
193 stabilization induced by R and R′ in either diradical or the
194 zwitterionic nature of the intermediate (Scheme 5d).
195 Based on the pieces of information available, we believe that

s6 196 Scheme 6 contains a reasonable initial, yet incomplete
197 explanation of the reaction of allenes and PhINTs. In a
198 first step, mixtures of methylene aziridines are formed similarly
199 to the already described olefin aziridination with this family of

200catalysts.9,15 Those formed from alkylallenes should be stable
201at room temperature, according to literature precedents.
202However, the presence of aryl substituents along with the Ts
203group located at nitrogen could favor the formation of
204cyclopropylimines in this case. Thus, such cyclopropylimines
205should be available at room temperature, and trapping with
206nucleophiles such as alcohols could be observable (vide infra).
207Finally, the formation of the azetidines from arylallenes should
208be explained along a pathway involving cyclopropylimine
209intermediates and another NT group transferred through the
210silver center.
211Trapping of Cyclopropylimine Intermediates. Follow-
212ing the previous reasoning, we studied the reaction of 1-
213arylallenes with PhINTs, under the same conditions
214reported for the generation of azetidines (see Table 1) but
215using 1 equiv of an alcohol relative to the allene. Azetidines
216were no longer observed, but the series of aminocyclopropanes
217 s714−23 were instead (Scheme 7).
218Substitution at the aryl group as well as several alcohols such
219as methanol, ethanol, or propargyl alcohol verified this
220transformation. On the contrary, phenol or 2-bromoethanol
221did not provide any conversion. The molecular structures of
222several aminocyclopropanes were determined by X-ray studies
223(Scheme 7), demonstrating that the aryl and amide groups
224occupy mutually cis positions in all cases except for the
225tetrasubstituted 17. 1H NMR data show nearly identical
226chemical shifts for the methylene protons of the cyclopropane
227rings, the only distinct pattern being observed for compound
22817.
229When moving to alkylallenes, we first employed 1-
230hexylallene and cyclonone-1,2-diene as substrates, operating
231under the same reaction conditions as those leading to
232methylene aziridines, but in the presence of additional MeOH.
233NMR studies of the reaction mixtures carried out after PhI
234NTs consumption revealed the formation of the methylene
235aziridines. It seems that at variance with the aryl system, the
236methylene aziridines derived f rom alkylallenes do not suf fer
237isomerization into cyclopropylimines at room temperature. Taking

Scheme 5. Mechanistic Considerations

Scheme 6. Plausible Mechanistic Proposal

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c04395
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c04395?ref=pdf


238 advantage of the availability of methylene aziridine 13 as an
239 isolated compound, we found that the corresponding amino-
240 cyclopropane 20 could be formed upon heating at 75 °C in the

s8 241 presence of methanol. Several nucleophiles (Scheme 8) such as
242 alcohols, water, sulfides, and amines could be incorporated into
243 the aminocyclopropanes 24−28 in very good yields (80−
244 95%).
245 We interpret the formation of aminocyclopropanes 14−28
246 as evidence of the formation of cyclopropylimines from the
247 methylene aziridine precursors. Data collected at this stage
248 support the proposal in Scheme 6 that the methylene aziridines
249 from arylallenes are not stable at room temperature and
250 convert into cyclopropylimines, whereas when using alkylal-

251lenes, the methylene aziridines are stable at room temperature
252and require heating to induce cyclopropylimine formation.
253DFT Studies. We first analyze computationally the reaction
254of arylallene and alkylallene and PhINTs induced by the
255silver catalyst Tp*,BrAg. Calculations presented in this section
256are done with the B3LYP-D3 functional including dichloro-
257methane solvent effects through a continuum model. We have
258previously used a similar methodology with this type of
259catalysts, achieving good results.18 All reported energies
260correspond to Gibbs free energies in kcal mol−1. Further
261data on the method for the calculations are supplied in the
262Computational Details.
263The silver fragment Tp*,BrAg is known to react with PhI
264NTs to form metallonitrenes.9a,b,19 The ground state of the
265 s9metallonitrene complex R1 (Scheme 9) is a triplet, located 5.9
266kcal mol−1 below the corresponding singlet and 16.5 kcal
267mol−1 below Tp*,BrAg and NTs as separate molecules.9a,b

268The initial reactivity of complex R1 is outlined in Scheme 9.
269The nitrene center in R1 can attack the phenylallene R2 at
270three different positions: (a) at the less substituted terminal
271carbon (CH2), (b) at the phenyl-substituted terminal
272carbon (CHPh), and (c) at the phenylallene central carbon
273(C). We have computed the transition states correspond-
274ing to each of the attacks: TS1a, TS1b, and TS1c, respectively.
275The barriers corresponding to the attack to terminal carbons
276are quite low (9.4 and 8.0 kcal mol−1 from adduct I1cT to
277TS1aT and TS1bT) but cannot compete with the attack to the
278central carbon of the allene, which is clearly the preferred
279process. Transition state TS1cT has an associated barrier of
280only 1.4 kcal mol−1.
281Transition states TS1aT, TS1bT, and TS1cT evolve through
282multistep processes; see Scheme 9. The triplet intermediates
283with the new C−N bond formed (I2aT, I2bT, and I2cT) will
284cross to the singlet energy surface through the corresponding
285minimum energy crossing points (MECPs) (MECP1a,
286MECP1b, and MECP1c) and form intermediates I2aS, I2bS,
287and I2cS. I2aS and I2bS present already a new C−C bond and
288correspond to the metal-coordinated forms of products P1 and
289P2, respectively. For I2cS, located in the lowest barrier favored

Scheme 7. Direct Synthesis of Aminocyclopropanes from
Arylallenesa

aReactions carried out at room temperature with 0.005 mmol of
catalyst, 40 equiv of PhINTs, 400 equiv of allene, and 400 equiv the
alcohol in 6 mL of CH2Cl2. Reaction times: 2 h. Yields determined by
NMR using 1,3,5-trimethoxybenzene as internal standard. TsNH2
accounted for 100% initial PhINTs not converted into products.
Isolated yields in brackets. ORTEP plots (50% thermal ellipsoids) of
the X-ray crystal structures of 14, 15, 17, and 22 are shown.

Scheme 8. Aminocyclopropanes from Methylene Aziridine
13a

aReactions carried out at 75 °C with 0.2 mmol of 13 and 10 equiv of
nucleophile (except morpholine, 1.5 equiv) in 2 mL of MeCN.
Reaction time: 2 h. Isolated yields.
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290 path, several steps must take place before product P3 is
291 reached. A very low energy transitions state leads to the I3S

292 intermediate, containing a five-membered ring, which involves
293 the three carbons in the starting allene and the Ts group
294 attached to the nitrene center. The cleavage of this ring leads
295 to the formation of a new C−C bond and ultimately to the P3
296 product. These are very exergonic processes, thus completely
297 irreversible. At variance with the proposal shown in Scheme 6,
298 where the cyclopropylimine species would appear because of
299 the thermal rearrangement of the methylene aziridines,
300 calculations show that the presence of the silver catalyst offers
301 a reaction pathway favoring its formation without the
302 intermediacy of the three-membered rings.
303 Products P1−P3 are not observed in the reaction mixture of
304 phenylallene and PhINTs. However, cyclopropylimine P3
305 may evolve to the final product upon reaction with a second

s10 306 metallonitrene complex, R1, as shown in Scheme 10. A new
307 C−N bond is formed between the nitrogen of the second
308 silver-nitrene and the cyclopropylimine P3 through TS6T with
309 a barrier of only 11.3 kcal mol−1. As the N−C bond is formed,
310 one of the C−C bonds of the cyclopropane is broken, which
311 results in species I7T. Through MECP2 the system crosses to
312 the singlet surface, that is 25 kcal mol−1 more stable than the
313 triplet. A second N−C bond is formed through TS7S,
314 generating the four-membered cycle I8S. Product 1, which is
315 the only one experimentally observed, is delivered after silver
316 decoordination, an energetically disfavored step but easily

317compensated by ulterior coordination of other species to the
318silver center.
319We next shifted our attention to the behavior of alkylallenes,
320which have been experimentally shown to produce methylene
321aziridines rather than azetidines. We notice that the
322 s11mechanism reported above in Scheme 11 may lead to aziridine
323products P1 and P2, though they are kinetically disfavored
324with respect to the azetidine emerging from P3. We computed
325a similar mechanism for ethylallene as our model alkylallene
326system. To our initial disappointment, the resulting profile
327(fully described in the SI, key step in Scheme 11) yielded the
328same selectivity, which would favor the azetidine. Additional
329calculations on the ulterior evolution of the azetidine products
330were also unable to provide a satisfying explanation for the
331different behavior of alkyl and arylallenes. The problem was
332finally solved by the characterization of an alternative
333mechanism where the transition from the triplet to the singlet
334spin state takes place through an MECP before the formation
335of the first new nitrogen−carbon bond. We label this
336alternative mechanism as “early spin-transition”, to differentiate
337it from the previously reported one where the transition took
338place after the bond has been formed and the selectivity has
339been decided. Both mechanisms could be characterized for
340ethylallene; the corresponding selectivity-determining steps are
341shown in Scheme 11. The two mechanisms differ in the
342associated selectivity, the new mechanism reproducing the
343experimental observation in which the major product is

Scheme 9. Computationally Postulated Early Steps for the Reaction of Phenylallenea

aFree energies in kcal mol−1.
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344 methylene aziridine emerging from the blue pathway.
345 Remarkably, this alternative mechanism is absent in the

346phenylallene system, which must then react through the “late
347spin-transition” mechanism reported above, leading to the
348azetidine through the black pathway in Scheme 9.
349We notice there is a minor problem in the computed
350energetics, as the free energy for HMECP0b is still 2.6 kcal
351mol−1 above that of HTScT. We view this as a minor
352discrepancy, as the reproduction of singlet/triplet energy
353gaps has been shown to be particularly challenging for DFT
354methods. More encouragingly, this alternative mechanism
355provides satisfactory qualitative explanations for the reactivity
356of alkylallenes. The “early spin-crossing” path was absent in the
357arylallene system because of the larger triplet/spin gap
358associated with the stabilization of the triplet state associated
359with the spin delocalization to the aryl ring. Additionally, the
360“early spin-crossing” path favors the attack on the terminal-
361substituted carbon since it gives more weight to inductive
362effects than to the delocalization effects that favor the central
363carbon in the “late spin-crossing” mechanism. A detailed
364analysis of spin densities is provided in the SI.
365Global Mechanistic Proposal. From collected exper-
366imental and computational data the global mechanistic picture
367 s12is shown in Scheme 12. A silver-nitrene intermediate is formed
368from the TpxAg core and PhINTs, which transfers the
369nitrene group to the allene CC bond, leading to methylene
370aziridines for R = alkyl and azetidines for R = aryl. The latter
371takes place through the formation of a cyclopropylimine
372intermediate in a silver-catalyzed route, which is kinetically
373more favorable than the formation of the corresponding
374methylene aziridines. For alkylallenes, a different selectivity has
375been calculated due to an earlier transition from the triplet to
376the singlet spin states.
377The presence of the cyclopropylimine intermediate when
378employing arylallenes explains the formation of amino-
379cyclopropanes when the reaction is carried out in the presence
380of alcohols, which add to the CN bond as previously
381described by Shipman or Blakey, among others.5,17 In their
382absence, cyclopropylimine reacts with a second silver-nitrene
383intermediate en route to the observed azetidine compounds.
384At variance with the above, the methylene aziridines
385generated from alkylallenes are stable under the reaction
386conditions, and the presence of alcohol does not influence the
387reaction outcome. Only when they are heated, in the absence
388of any catalyst and with added nucleophiles, do they provide
389aminocyclopropanes because of the in situ formation of a
390cyclopropylimine intermediate, which traps the nucleophile.

391■ CONCLUSIONS
392We have discovered the catalytic capabilities of a silver
393complex toward the intermolecular functionalization of allenes
394toward azetidines or methylene aziridines, depending of the
395nature (aryl or alkyl) of the substituents in the allene reactant.
396The azetidines are formed by a sequential process involving
397silver-mediated cyclopropylimine formation followed by the
398incorporation of a second, also silver-mediated, nitrene unit. At
399variance with that, alkylallenes are transformed into methylene
400aziridines. Aminocyclopropanes can be readily accessed from
401both alkyl- and arylallenes. This is the first example of efficient
402modification of allenes by metal-catalyzed nitrene transfer in an
403intermolecular manner.

404■ EXPERIMENTAL SUMMARY
405General Procedure for the Reaction of Allenes and PhI
406NTs. The [Tp*,BrAg]2 complex13 (0.005 mmol) was dissolved in

Scheme 10. Postulated Computational Mechanism for the
Formation of Compound 1 from Cyclopropyliminea

aFree energies in kcal mol−1.

Scheme 11. Selectivity-Determining Step for the Two
Computed Mechanisms for Alkylallenesa

aFree energies in kcal mol−1.
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407 deoxygenated DCM (6 mL), and the allene (2 mmol) was added
408 before PhINTs (74.4 mg, 0.2 mmol) was incorporated in one
409 portion to the stirred solution. The flask was covered with aluminum
410 foil to protect the reaction mixture from light. After 4 h, the solvent
411 was removed under reduced pressure and the crude was analyzed by
412 NMR spectroscopy and/or purified by column chromatography (see
413 SI). For aminocyclopropane synthesis the procedure was identical,
414 also adding 2 mmol of the alcohol before addition of PhINTs.
415 Derivatizations of the Methylene Aziridine 13. (E)-10-Tosyl-
416 10-azabicyclo[7.1.0]dec-1-ene (58.2 mg, 0.2 mmol) was dissolved in
417 acetonitrile (2 mL), and the corresponding nucleophile was added
418 (2−10 mmol). The reaction mixture was heated at 75 °C for 2 h, and
419 then solvent was removed under reduced pressure. The crude was
420 analyzed by NMR spectroscopy and/or purified by column
421 chromatography.
422 Computational Details. The presented computational mecha-
423 nistic study has been performed by optimization of minima and
424 transition states with the B3LYP-D3 functional20 including the D3
425 correction developed by Grimme and co-workers21 and as
426 implemented in Gaussian 09.22 The 6-31G(d)23 basis set was used
427 for all atoms except for silver, for which the Stuttgart−Dresden
428 (SDD) basis set with effective core potential (ECP) was used
429 instead.24 Frequency calculations were carried out at the same level to
430 obtain the free energies and ensure the nature of each stationary
431 point. Solvent effects were taken into account by using the SMD25

432 solvation model and default options for dichloromethane. For the
433 location of MECPs we used the code provided by Prof. Jeremy
434 Harvey.26 The geometries of all species relevant for this study are
435 included in a data set collection of computational results available in
436 the ioChem-BD repository.27
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563Castillo ́n, S.; Peŕez, P. J. Efficient silver-catalyzed regio- and
564stereospecific aziridination of dienes. Angew. Chem., Int. Ed. 2010,
56549, 7092−7095. (b) Llavería, J.; Beltrań, A.; Sameera, W. M. C.;
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590C.; Álvarez, E.; Maseras, F.; Díaz-Requejo, M. M.; Echavarren, A. M.;
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632 Trispyrazolylborate coinage metals complexes: structural features and
633 catalytic transformations. Coord. Chem. Rev. 2019, 390, 171−189.
634 (b) Besora, M.; Braga, A. A. C.; Sameera, W. M. C.; Urbano, J.;
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