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8 ABSTRACT: The selective γ-C(sp3)−H carbonylation of N-
9 (2-pyridyl)sulfonyl (N-SO2Py)-protected amines has been
10 accomplished by using palladium catalysis and Mo(CO)6 as
11 carbonyl source. The reaction provides a powerful approach for
12 derivatization of amine-based moieties, including amino acids,
13 into richly functionalized γ-lactams. Not only methyl groups,
14 but also methylene C−H bonds of cyclopropanes and conformationally biased molecules can be activated to provide ring-fused
15 γ-lactam derivatives. This carbonylation protocol is also amenable to the late-stage diversification of more-complex
16 multifunctional molecules such as dipeptides and tripeptides, demonstrating the key role of the N-SO2Py as directing group
17 and its capacity to override other inherent substrate coordinating elements. In addition to providing an attractive solution to the
18 difficulties in handling hazardous CO gas, the use of Mo(CO)6 as an air-stable solid source of CO in substoichiometric amount
19 (0.33 equiv) ensures PdII-catalytic activity by preventing its decomposition or deactivation under excess of CO via reduction of
20 PdII to Pd0 or saturation of the metal coordination sphere. Indeed, significantly lower efficiency is observed when the reactions
21 are carried out under CO atmosphere (1 atm), or in the presence of increased amounts of Mo(CO)6. A series of experimental
22 and DFT mechanistic studies provide important insights about the reaction mechanism.

23 KEYWORDS: C−H carbonylation, palladium catalysis, γ-lactam, amino acid, 2-pyridylsulfonyl, aliphatic amine, peptide

24 ■ INTRODUCTION

25 Despite the direct functionalization of inert C−H bonds being
26 one of the most prevalent technologies for rapidly introducing
27 complexity and diversity on a core molecule,1 few methods
28 have been demonstrated to be amenable to late-stage
29 diversification of complex multifunctional molecules.2 This is
30 particularly true in the functionalization of C(sp3)−H bonds,
31 which, compared to activation of C(sp2)−H bonds, continues
32 to be highly challenging, because of their lower acidity and the
33 absence of π-orbitals causing stabilizing interaction with the
34 transition metal.3

35 The use of removable (bidentate) directing groups and Pd
36 catalysis has emerged as the preferred strategy to promote both
37 reactivity and selectivity in C(sp3)−H activation.4 In 2004,
38 Sanford et al. pioneered the Pd-catalyzed directed functional-
39 ization (acetoxylation) of aliphatic C−H bonds using oxime
40 and/or pyridine as directing groups,5 while Daugulis et al.
41 demonstrated, in 2005, the ability of a removable picolinamide
42 group to facilitate the Pd-catalyzed C−H arylation at remote
43 positions of aliphatic amine derivatives.6,7 Shortly after, Corey
44 et al. expanded this reactivity to the diastereoselective β-
45 C(sp3)−H arylation of α-amino acid derivatives.8 Since these
46 breakthrough reports, the direct functionalization of nitrogen-
47 containing compounds, especially amino acid derivatives, given
48 their prevalence in medicinal chemistry9 and organic syn-
49 thesis,10,11 stands at the forefront in this field.12

50Among the number of applications in various C−C and C−X
51bond-forming reactions reported, the direct carbonylation of
52C(sp3)−H bonds represents a powerful strategy for derivatiza-
53tion, because it allows the installation of a synthetically valuable
54carbonyl functional group into the desired target molecule.13−22

55However, the paucity of catalytic direct carbonylation of
56C(sp3)−H bonds highlights the challenging nature of this task.
57At the turn of the 21st century, long after the proof of
58concept provided by Fujiwara in 1989,15 the groups of Yu16 and
59Chatani17 reported the first effective catalytic carbonylations of
60unactivated C(sp3)−H bonds.18,19 Both methods involve β-
61carbonylation of aliphatic amides, followed by cyclization, to
62give succinimides under Pd and Ru catalysis, respectively.
63Gaunt devised a method for the synthesis of β-lactams via
64carbonylation of β-C(sp3)−H of secondary amines involving an
65unusual four-membered ring cyclopalladation.5h While the
66current work was in progress, the groups of Yao and Zhao20

67and Wang21 independently disclosed a Pd-catalyzed γ-C(sp3)−
68H carbonylation of aliphatic amines holding a bidentate
69picolinamide or oxalyl-amide directing group, respectively,
70thus providing an efficient access to functionalized γ-lactams.
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71 Despite these important recent accomplishments, many
72 challenges remain unsolved. For example, structurally new
73 bidentate directing motifs are needed for improving reactivity
74 and selectivity.23 Indeed, constraints, in terms of selectivity,
75 have hampered the development of efficient methods for the
76 late-stage functionalization of small peptides, which is highly
77 desirable for peptidomimetic chemistry.24 On the other hand,
78 carbon monoxide gas is required for most of the reported
79 procedures, in some cases at high pressure. Although the CO
80 represents an ideal carbonylation reagent, in terms of atom
81 efficiency, its hazardous nature limits its application on a
82 laboratory scale. In addition, key obstacles that often limit
83 catalytic C−H carbonylation under an excess of CO stem from
84 the following: (i) the reducing ability of CO might induce the
85 reduction of PdII species to Pd0, and (ii) the excess of CO could
86 inhibit the C−H activation event by competitively occupying
87 coordination sites in the PdII center.13,16a,25 Consequently,
88 broadly applicable alternative approaches superseding the need
89 for gaseous CO can potentially contribute to further
90 advances.26 However, to our knowledge, only recently in the
91 literature has the first example of catalytic C(sp3)−H
92 carbonylation, appeared, relying on the use of CO surrogates.
93 Ge et al. have described β-carbonylation-cyclization of aliphatic
94 amides to succinimides via Ni/Cu synergistic catalysis using
95 DMF as the source of CO.27

96 We report herein the development of a practical and reliable
97 Pd-catalyzed γ-selective C(sp3)−H carbonylation/cyclization of
98 N-SO2Py-protected aliphatic amines leading to γ-lactams. The
99 use of a substoichiometric amount of Mo(CO)6 (0.33 equiv) as
100 a nonhazardous, air-stable solid source of CO not only avoids
101 the difficulties in handling CO gas, but also enables slow in situ
102 release of CO, thus preventing PdII-catalyst deactivation.
103 Indeed, the in situ CO-releasing ability of Mo(CO)6 has been
104 previously demonstrated in a range of Pd0-catalyzed carbon-
105 ylations of C(sp2)−X bonds.28

106 ■ RESULTS AND DISCUSSION
107 Proof-of-Concept Stoichiometric Experiment. We
108 recently reported the (2-pyridyl)sulfonyl (SO2Py)-directed
109 Pd-catalyzed arylation of γ-C(sp3)−H bonds of aliphatic side
110 chains in α-amino esters with iodoarenes.23e In our studies, a
111 bimetallic PdII-complex A derived from the tert-leucine
112 derivative (+)-1 was isolated and structurally characterized by
113 X-ray diffraction analysis, thus highlighting the role as bidentate

s1 114 directing group of the N-SO2Py unit (see Scheme 1). We

115 decided to use this complex as an ideal platform to test carbon
116 monoxide insertion, leading to carbonylative cyclization
117 products. The reaction of complex A with Mo(CO)6 (1.5
118 equiv) using 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as a
119 solvent at 70 °C for 3 h, resulted in the clean formation of the
120 expected γ-lactam (+)-2, which was isolated in 69% yield

121(Scheme 1), along with a significant amount of decomplexated
122tert-leucine derivative (+)-1 (26%, not shown).
123Importance of the Nature and the Amount of the
124“CO” Source. Encouraged by this proof-of-concept result, we
125next embarked on the challenging task of developing a catalytic,
126rather than stoichiometric, version. On the basis of literature
127precedents on Pd-catalyzed C(sp3)−H arylation of simple
128carboxylic acids29 and our previous work,23e we started our
129investigations by subjecting the tert-leucine derivative (+)-1 to
130carbonylation with Mo(CO)6 (1.0 equiv) in the presence of a
131catalytic amount of Pd(OAc)2 (10 mol %) and a combination
132of AgOAc (1.5 equiv) and 1,4-benzoquinone (BQ, 2.0 equiv)30

133as oxidants in HFIP (0.5 M) at 110 °C for 18 h. Under these
134reaction conditions, an encouraging 43% conversion toward the
135expected γ-lactam (+)-2 was observed, with (+)-2 being the
136only detected reaction product by 1H NMR in the crude
137 t1mixture (Table 1, entry 1).

138Speculating that this moderate conversion could be caused
139by deactivation of the catalytic Pd active species under an
140excess of CO released from Mo(CO)6, we reasoned that
141lowering the amount of Mo(CO)6 could be beneficial to the
142reaction. A study of the dependency of reaction efficiency on
143the amount of Mo(CO)6 revealed that this was indeed a crucial
144parameter (Table 1). In accordance with our hypothesis,
145lowering the amount of Mo(CO)6 positively influenced the
146reaction outcome, guiding us to a substantial and consistent
147increase in conversion when decreasing the amount of
148Mo(CO)6 from 1.0 equiv (43% conversion, entry 1 in Table
1491) to 0.5 equiv (67% conversion, entry 2 in Table 1) and 0.33
150equiv (95% conversion, entry 3 in Table 1). However, further
151decrease of the amount of Mo(CO)6 hold a negative impact,
152with 53% conversion being observed with 0.20 equiv (entry 4 in

Scheme 1. Proof-of-Concept Experiment

Table 1. Influence of the Amount of Mo(CO)6 on Reaction
Efficiency and Screening of Other Sources of COa

entry CO source (equiv) yieldb (%)

1 Mo(CO)6 (1.00) 43
2 Mo(CO)6 (0.50) 67
3 Mo(CO)6 (0.33) 95 (93)c (77)d,e

4 Mo(CO)6 (0.20) 53
5 Mo(CO)6 (2.00) 42
6 Mo(CO)6 (4.00) 36
7 gaseous CO (1 atm) 37
8 Cr(CO)6 (1.00) 14
9 Cr(CO)6 (0.33) 20
10 Co2(CO)8 (1.00) <10
11 Co2(CO)8 (0.33) <10
12 n.d.

aReaction conditions: tert-leucine derivative (+)-1 (0.10 mmol),
Pd(OAc)2 (0.01 mmol), AgOAc (0.15 mmol), BQ (0.20 mmol), CO
source (n equiv), HFIP (2 mL), 110 °C, 18 h in a sealed tube.
bConversion yield determined by 1H NMR of the crude reaction
mixture. cIsolated yield. dIsolated yield when reaction is scaled-up to
gram-scale ((+)-1, 1 g, 3.50 mmol). eIdentical results were obtained
when the reaction (at both 0.1 and 3.5 mmol scale) was performed
under air.
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153 Table 1). Not unexpectedly, an attenuation of the catalytic
154 activity was consistently observed by increasing the amount of
155 Mo(CO)6 over 1.0 equiv (entries 5 and 6 in Table 1).
156 Moreover, when the reaction of (+)-1 was carried out under
157 gaseous CO (1 atm, sealed tube), the expected lactam (+)-2
158 was obtained in a low 37% conversion (entry 7 in Table 1).
159 We also explored alternative carbon monoxide sources that
160 could enhance the reactivity. However, a screen of metal−
161 carbonyl complexes different from Mo(CO)6 typically used as
162 carbon monoxide sources26 led to worse reaction efficiency. For
163 example, the use of Cr(CO)6 (either 1.0 equiv or 0.33 equiv)
164 provided the desired γ-lactam (+)-2 in a much poorer
165 conversion (≤20%, entries 8 and 9 in Table 1), whereas the
166 Co2(CO)8 was even less effective, providing only traces of the
167 product (+)-2 (<10% conversion, entries 10 and 11 in Table
168 1). Finally, as expected, a control experiment omitting any CO
169 source determined that γ-lactam (+)-2 is not produced (entry
170 12 in Table 1).
171 Importantly, simply adjusting the amount of Mo(CO)6 to
172 0.33 equiv led us to find conditions for the efficient
173 transformation of tert-leucine derivative (+)-1 into the
174 pyroglutamic acid derivative (+)-2, which could be isolated in
175 93% yield after purification by column chromatography (entry
176 3 in Table 1). These results seem to indicate that each molecule
177 of Mo(CO)6 releases three molecules of CO under the reaction
178 conditions.28c,d Furthermore, we successfully performed an
179 experiment on a larger gram-scale to demonstrate the
180 practicality of this methodology, which afforded product
181 (+)-2 in 77% isolated yield after an extended reaction time of
182 24 h (entry 3 in Table 1). Finally, it was found that performing
183 the reaction under air had no influence on the reaction
184 (virtually the same results were obtained at both 0.1 and 3.5
185 mmol scale), thus eliminating the need for inert atmosphere
186 (entry 3).
187 Carbonylation of L-Valine Derivative and Confirma-
188 tion of the Directing Role of the SO2Py Group. Our
189 attention was shifted to the Pd-catalyzed carbonylative
190 cyclization of the derivative of the natural amino acid L-valine
191 ((+)-3), having a kinetically less favorable isopropyl group
192 (rather than a tert-butyl group). In addition, since the isopropyl
193 unit contains two diastereotopic methyl groups, this substrate
194 would also allow testing the diastereoselectivity of the reaction.
195 To our delight, the reaction of (+)-3 with Mo(CO)6 (0.33
196 equiv) proceeded smoothly under the optimized conditions,
197 affording the expected amidocarbonylation product (−)-9 as an

t2 198 5.7:1 mixture of trans/cis diastereoisomers (Table 2, entry 1).
199 This good trans-diastereoselectivity is remarkable, revealing a
200 marked preference for C−H activation of the pro-S methyl
201 group of (+)-3.23e Importantly, the major (−)-trans-9
202 diastereomer could be isolated in 75% yield with no appreciable
203 loss of enantiopurity (97% ee) upon standard chromatography.
204 Although the structure of the bimetallic complex of γ-
205 cyclopalladation of tert-leucine derivative (+)-1 (complex A)
206 strongly suggested that the NH−SO2Py directing group is
207 crucial for this transformation, we were interested in confirming
208 this issue by screening other potentially coordinating N-
209 protecting groups. For this purpose, a set of L-valine derivatives
210 (substrates 4−8) were examined in the carbonylation reaction
211 under the optimized conditions, and the results are summarized
212 in Table 2. While L-valine methyl ester hydrochloride
213 decomposed under the reaction conditions (entry 2 in Table
214 2), the NH-Ts derivative 5 and the NH-(2-thienyl)sulfonyl
215 derivative 6 were recovered unaltered without detecting any

216carbonylation product (entries 3 and 4, respectively, in Table
2172). The reaction of the (8-quinolyl)sulfonyl and (2-pyridyl)-
218carbonyl derivatives (7 and 8, respectively) led to a complex
219mixture of products in low conversion (<10%) (entries 5 and 6
220in Table 2). Interestingly, the lack of reaction efficiency
221observed for the NH−COPy-protected substrate 8 emphasizes
222the cooperative directing role of both the sulfonyl-tethering
223group and the 2-pyridyl moiety in the C−H activation process.
224Screening of a handful of other reaction parameters (see
225Supporting Information) revealed the superiority of Pd(OAc)2
226over other Pd sources (no product was detected in the absence
227of Pd) and that the combination of AgOAc and benzoquinone
228was also essential to reach high catalytic activity. HFIP and
229CH3CN were identified as the optimal solvents.
230Structural Versatility: γ-Carbonylation of Amino Acid
231Derivatives. We next set out to investigate the versatility of
232the reaction, with regard to structural modifications in the
233 s2amino acid moiety (see Scheme 2). The reaction of the allo-
234isoleucine derivative (±)-10a, having two sterically distinct
235primary and secondary γ-C(sp3)−H bonds, selectively
236produced the cyclized product (±)-11a (66%), indicating that
237primary (methyl) γ-C(sp3)−H bonds are more reactive in
238comparison with secondary (methylene) ones. In contrast, the
239isoleucine diastereomer (+)-10b was unreactive when exposed
240to identical catalytic conditions, with no cis-11b detected. This
241result is in agreement with the previously observed preference
242for C−H activation of the pro-S methyl group of the L-valine
243derivative (+)-3.23e Derivative (±)-12 bearing a quaternary
244center at the α-position did also participate in the reaction,
245yielding the expected cyclized compound (±)-13 as a separable
2461.5:1 mixture of diastereoisomers in good yield (87% overall
247yield).
248The tert-leucine derivative (+)-14, bearing a free COOH
249group, proved also to be suitable, thus expanding the functional
250group tolerance. The 5-oxopyrrolidinone-2-carboxylic acid
251derivative (+)-15 was obtained in good yield (81%). However,
252the threonine derivative (−)-16, having a free hydroxyl group at
253the β-position, failed to provide the C−H carbonylation
254product, affording instead the cyclic carbamate (−)-18 (85%
255yield), as a result of a hydrocarboxylation process. More

Table 2. Carbonylative Cyclization of Valine Derivatives:
Effect of the Protecting/Directing Groupa

entry DG (substrate) yieldb (%)
trans/cisc

(product)
ee

(%)d

1 (2-pyridyl)SO2 ((+)-3) 87 (75)e 5.7:1 (9) 97
2 −(4)f

3 (p-Tol)SO2 (5)
4 (2-thienyl)SO2 (6)
5 (8-quinolyl)SO2 (7) <10
6 (2-pyridyl)CO (8) <10

aReaction conditions are identical to those given in Table 1 (under
air). bConversion yield determined by 1H NMR of the crude reaction
mixture. cDetermined by 1H NMR. dEnantiomeric excess of the major
product trans-9. eIsolated yield of the major product (−)-trans-9. fL-
valine methyl ester hydrochloride was used as substrate, adding 1.0
equiv of Et3N to the reaction.
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256 unexpected was that the protected O-tert-butyl threonine
257 derivative (−)-17 led to the same carbamate (−)-18 under
258 identical reaction conditions (95% yield).
259 This method was extended to β-amino acid derivatives, as
260 exemplified by the clean cyclocarbonylation of β-amino ester
261 (±)-19, affording the product (±)-20 as a separable 3.8:1
262 mixture of trans/cis diastereoisomers in good overall yield
263 (76%).
264 Extension of the Method to Simple Aliphatic Amines.
265 The broad substrate scope displayed by this reaction with α-
266 amino acid derivatives prompted us to explore the extension of
267 this method to simple aliphatic amine derivatives. We first
268 tested if compound (−)-21, analogue to tert-leucine derivative
269 1 but lacking the methyl ester moiety, could undergo γ-
270 cyclometalation. The stoichiometric reaction of (−)-21 with
271 Pd(OAc)2 (1.0 equiv) in acetonitrile at 60 °C for 3.5 h, cleanly
272 provided, after simple recrystallization, the expected bimetallic
273 complex B in 91% yield (unambiguously determined by single-

s3 274 crystal X-ray diffraction (XRD) analysis; see Scheme 3), which
275 presents an analogous structure to complex A.31

276 This result demonstrated that the ester group at the α-
277 position of the previously studied α-amino ester derivatives was
278 not essential for the C−H activation step. Furthermore, the
279 reaction of this complex with 1.5 equiv of Mo(CO)6 at 70 °C in
280 HFIP for 3 h afforded the expected γ-lactam product (+)-22 in
281 95% yield, evidencing that simple N-(2-pyridyl)sulfonyl-
282 protected aliphatic amines are suitable substrates for the γ-
283 C(sp3)−H carbonylative cyclization protocol (see Scheme 3).

284To our delight, when (−)-21 was subjected to the optimized
285catalytic reaction conditions, the pyrrolidinone (+)-22 was
286cleanly obtained in 89% yield. Moreover, the reaction can be
287scaled up to 10 times (1.0 g scale) in a similarly yield (85%),
288 s4thus emphasizing the robustness of this method (Scheme 4).

289Also important to take full advantage of the preparative
290potential of this method is the facile removal of the directing
291functionality. This was demonstrated upon treatment of (+)-22
292with magnesium turnings in MeOH at room temperature (rt)
293under sonication overnight, which afforded the unprotected γ-
294lactam derivative (−)-23 in 90% yield.32

295An examination of the scope of carbonylation of various
296simple aliphatic amine derivatives was undertaken to test the
297versatility of the reaction, with regard to steric modifications of
298 s5the reactive γ-C(sp3)−H bond (see Scheme 5). The product of
299trans configuration was again formed predominantly (trans/cis
300= 5.6:1) in the reaction of (−)-24, possessing two
301diastereotopic β-methyl groups, allowing the isolation of
302(+)-trans-26 in 78% yield. In sharp contrast, the 2-butanamide
303derivative (±)-25, without branching at the β-position, was
304recovered unaltered even when increasing the catalyst loading
305to 20 mol % of Pd(OAc)2. When the achiral substrate 27 was
306tested, the corresponding pyrrolidinone derivative (±)-trans-
30728, having two contiguous stereogenic centers, was obtained in
308good yield (71%) as a single diastereoisomer. These results
309suggest that branching at the β-position is an essential biasing
310structural element for the reaction to proceed.
311However, we were pleased to find that branching at the α-
312position was not a required structural feature for this
313transformation (substrates 29 and 31), even though this type
314of substitution is often necessary as turning elements
315maximizing the conformation that leads to C−H activation.
316Nevertheless, the reaction proved to be more difficult, requiring
317an increased catalyst loading of 20 mol % to achieve
318synthetically useful yields (Scheme 5). For instance, the
319carbonylative cyclization of the 2,2-dimethylpropanamine

Scheme 2. Carbonylative Cyclization of Amino Acid
Derivatives

Scheme 3. Stoichiometric γ-C(sp3)−H Cyclopalladation and
Carbonylation of Aliphatic Amine Derivative (−)-21

Scheme 4. Catalytic Carbonylative Cyclization of Amine
(−)-21 and Subsequent N-Deprotection
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320 derivative 29 afforded the 2-pyrrolidinone derivative 30 in good
321 yield (71%). On the other hand, the less conformationally
322 restrained derivative 31 was found to be significantly less
323 reactive, providing the corresponding 4-methyl-2-pyrrolidinone
324 32 in an acceptable 42% yield under identical reaction
325 conditions. In accordance with these observations, the linear
326 N-(SO2Py)sulfonyl propanamine derivative 33 (see structure in

s6 327 Scheme 6), having unbranched both α- and β-positions, was
328 unreactive toward the C−H carbonylation (not shown).

329 Intrigued by the strong dependence of the reactivity on the
330 steric properties imposed by the substitution pattern of the
331 substrates and the appearance of an unknown product in the
332 reaction of amine derivatives lacking any substituent at the β-
333 position (starting compounds 25 and 33), we decided to study
334 the cause behind this effect in more detail. In a recent report by
335 Gaunt on Pd-catalyzed C−H activation of unprotected aliphatic
336 amines to give strained nitrogen heterocycles, hindered
337 secondary amines were used to overcome the propensity of
338 these amines to form very stable, coordinatively saturated and
339 catalytically inactive, square-planar bis-amine palladium(II)
340 complexes.5h It was suggested by the authors that the steric
341 hindrance around the PdII center should facilitate dissociation
342 of an amine ligand to create the essential vacant coordination
343 site required for the C−H activation to occur. In fact, this could
344 be a primary reason for the scarcity of studies involving
345 aliphatic amines in C−H bond functionalization.
346 Accordingly, we found reasonable to assume the formation of
347 this type of bis-amine complexes in the reaction of the
348 secondary sulfonamides. In the present case, the N,N-bidentate
349 nature of these substrates imparted by the N-SO2Py directing

350group should strengthen the interaction of the substrate to the
351metal, thereby compensating the weakened coordination ability
352of a sulfonamide compared to amine ligands, leading to more
353stable complexes. To test this hypothesis, the linear
354propanamide derivative 33 was treated with a stoichiometric
355amount of Pd(OAc)2. After 3 h of reaction in HFIP at 60 °C,
356we observed by 1H NMR the clean formation of the
357mononuclear air-stable palladium complex C, which was
358 s7isolated in 85% yield (Scheme 7). XRD analysis of suitable

359crystals revealed a slightly distorted square-planar N,N,N,N-
360tetracoordinated palladium complex in which the PdII atom
361coordinates two molecules of 33 through the deprotonated
362amide and the pyridyl nitrogen atoms.31 The formation of this
363type of stable Pd-complex provides a reasonable explanation for
364the strong dependence of reactivity on the degree of
365substitution (branching) of the substrate.
366Carbonylation at γ-Methylene Groups of Aliphatic
367Amine Derivatives. At this point, we wondered whether it
368might enable activation at the more challenging (less reactive)
369γ-methylene C−H bonds.33 In particular, cyclopropane
370derivatives are attractive because of their prominence in natural
371products and pharmaceuticals,34 along with the relative scarcity
372of methods enabling their C−H activation.35 In addition, the
373rigidity of the cyclopropyl ring and the more sp2-like character
374for its carbon atom should facilitate C−H functionalization
375processes.
376As shown in Scheme 7, compound 34 could be smoothly
377transformed into the expected cyclopropane-fused pyrrolidi-
378none36 derivative 35 in 97% yield as a 1.9:1 mixture of
379diastereoisomers, although it required increased catalyst loading
380(20 mol %). This result not only shows that this method is
381effective for the carbonylation of methylene C−H bonds in
382cyclopropylmethylamine derivatives, but it also reveals that
383cyclopropyl C(sp3)−H methylene groups can be selectively
384carbonylated over a methyl γ-C(sp3)−H bond. The less
385conformationally biased substrate 36, lacking the β-methyl
386substituent, also participated in the reaction, providing the
387corresponding bicyclic lactam with increased diastereoselectiv-

Scheme 5. Effect of Branching at the α- and β-Position in
Aliphatic Amine Derivatives

Scheme 6. Formation of Bis-Amide Pd-Complex C from
Linear Sulfonamide 33

Scheme 7. Carbonylation at γ-Methylene Groups
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388 ity (37, 98% yield, cis/trans = 9:1), although a higher 30 mol %
389 of Pd-catalyst was needed to achieve complete conversion.
390 The conformationally biased exo-norbornylamine derivative
391 38, lacking a marked sp2 character, afforded the expected lactam
392 39 with 75% conversion (50% yield) when subjected to the
393 general catalytic reaction conditions using 20 mol % of
394 Pd(OAc)2 (Scheme 7). Similarly, the functionalization of the
395 1-[adamantan-1-yl)ethanamine derivative 40 under similar
396 conditions turned out to be viable, albeit with a lower yield
397 (41, 33%). Despite the modest yield, the result is remarkable
398 considering the scarcity of C−H activation reactions in
399 nonactivated methylene groups.33,37

400 C(sp2)−H Carbonylation−Cyclization Reactions. To
401 test whether this method would be also effective for the
402 C(sp2)−H carbonylation, the dibenzylic sulfonamide derivative
403 42, having four C(sp2)−H bonds at the γ-position, was
404 submitted to the carbonylation reaction. Unfortunately,
405 however, only 38% of the corresponding 3-phenylisoindolinone
406 43 was isolated, along with the (2-pyridyl)sulfonamide in 40%

s8 407 yield (see Scheme 8).38 In fact, the N-SO2Py-benzylamine

408 derivative 44, which is less prone to benzylic elimination,
409 underwent cyclocarbonylation to afford the corresponding
410 isoindolinone derivative 45 in a synthetically useful yield (52%
411 isolated).39

412 Importantly, this method can be extended to phenethylamine
413 derivatives. For example, the δ-carbonylation of the phenethyl-
414 amine derivative 46 afforded the 3,4-dihydroisoquinolin-1(2H)-
415 one 47 in very high yield. This result suggests the participation
416 of a seven-membered palladacycle intermediate prior to CO
417 insertion.40 Even the direct functionalization of the ε-C(sp2)−
418 H bond of the 3-phenylpropylamine derivative 48 turned out to
419 be viable, yet using customized reaction conditions with
420 increased catalyst loading and oxidants [Pd(OAc)2 (25 mol
421 %), AgOAc (2.0 equiv), and BQ (3.0 equiv)], providing the
422 benzo[c]azepine-1-one derivative 49 in 57% yield. This
423 structural flexibility is remarkable since very often the precise
424 tether length of the directing group is found to be crucial for
425 reactivity in C−H activation.41 A further point to note is that,
426 compared to the plethora of methods for the construction of
427 five- or six-membered N-heterocyclic systems, there are very

428few reports on the direct synthesis of seven-membered rings by
429Pd-catalyzed oxidative cyclization.42

430C(sp2)−H versus C(sp3)−H Carbonylation Selectivity.
431The suitability of this method for both C(sp3)−H and C(sp2)−
432H bond activation led us to examine site selectivity in substrates
433containing both types bonds. For this purpose, the 2-methyl-1-
434phenylpropanamine derivative 50, containing both γ-C(sp2)−H
435 s9and γ-C(sp3)−H bonds, was tested next (see Scheme 9). Not

436unexpectedly, the carbonylation reaction occurred at the site of
437the more acidic C(sp2)−H, leading to the isoindolinone
438derivative 51 in 92% yield. The same preference for aryl
439activation was still remained even when the C(sp2)−H bond
440was located at the δ-position, as demonstrated in the reaction of
441derivative 52, which afforded exclusively the 3,4-dihydroisoqui-
442nolinone 53 in 82% isolated yield. Interestingly, opposite site
443selectivity (i.e., complete preference for γ-C(sp3)−H activation)
444was attained in the case of the derivative 54 having the phenyl
445group one bond further away from the directing group [ε-
446C(sp2)−H bond], even though the same customized conditions
447previously optimized for the ε-C(sp2)−H carbonylation/
448cyclization of derivative 48 were employed. In this case, the
449selective formation of the γ-lactam 55 (75% yield) over the
450corresponding benzo[c]azepine-1-one product is likely caused
451by the much more kinetically disfavored seven-membered ring
452formation, compared with a five-membered ring, thereby
453overriding the higher reactivity of the aromatic C−H bond.
454On the basis of these results, and taking advantage of our
455previously reported Pd-catalyzed γ-C−H arylation of α-amino
456acid derivatives with iodoarenes,23e we envisaged that two
457sequential C−H functionalization processes (i.e., arylation,
458followed by carbonylative cyclization) could provide an efficient
459strategy for rapidly introducing complexity and diversity on a
460core amine molecule. We chose the tert-leucine derivative (+)-1
461 s10as an ideal platform to test this possibility. As shown in Scheme
462 s1010, our previously developed C−H arylation method23e enabled
463the selective preparation of the monoarylated, diarylated, and
464triarylated derivatives (+)-56, (+)-58, and (+)-60, respectively,
465in good yields (73%−93%) by simply adjusting the excess of
466iodoarene and oxidant. Subsequently, each of these tert-leucine
467derivatization products was subjected to the optimized
468conditions for the Pd-catalyzed carbonylative cyclization. The
469reaction outcome proved to be strongly dependent on the
470substitution pattern at the starting amine derivative. For
471instance, the γ-monoarylated compound (+)-56 smoothly

Scheme 8. C(sp2)−H Carbonylation of Amine Derivatives

Scheme 9. C(sp3)−H vs C(sp2)−H Selectivity
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472 reacted with complete γ-C(sp3)−H site selectivity but low
473 stereocontrol (dr = 1.5:1) to afford the γ-lactam (+)-57a in
474 38% yield, accompanied by (+)-57b in 28% yield. In contrast,
475 the diarylated compound (+)-58 delivered exclusively the
476 corresponding benzazepine-1-one derivative (+)-59 in 80%
477 yield and high diastereoselectivity (no other diasteromer was
478 detected). The γ-lactam product was not detected by 1H NMR
479 of the crude reaction mixture, revealing that the presence of
480 two aryl substituents (four ortho-C−H bonds against three γ-
481 C(sp3)−H bonds) kinetically favors aryl activation. Not
482 unexpectedly, the triarylated derivative (+)-60, having six
483 equivalent ortho-C−H bonds, provided the benzo[c]azepine-3-
484 carboxylate (+)-61 in good yield (67%). It is important to note
485 that up to four new C−C bonds and one new C−N bond are
486 formed in this two-step derivatization protocol.
487 Late-Stage Diversification of Functional Molecules.
488 Derivatization of a Derivative of the Steroid Strone. In
489 addition, to further demonstrate the potential of this method to
490 induce site-specific reactivity on complex molecules at
491 otherwise unreactive sites, the estrone derivative 62,43 having
492 a variety of sterically distinct primary and secondary C−H
493 bonds, as well as a potentially reactive aryl sulfonate, was

s11 494 chosen (see Scheme 11). We were delighted to find that the
495 C−H carbonylation/cyclization reaction of 62 afforded cleanly
496 the pentacyclic γ-lactam product 63, resulting from γ-
497 functionalization at the methyl group, in 40% yield. This result
498 also illustrates the capacity of the bidentate N-SO2Py directing
499 group to act in the presence of the potentially coordinating O-
500 SO2Py unit.

501Carbonylation/Cyclization of Dipeptides and Tripeptides.
502Motivated by the great significance of post-synthetic
503modification of small peptides as a means of optimizing their
504molecular function or discovering new biologically active
505candidates, we sought to expand the substrate scope of this
506reaction to dipeptides and tripeptides. The increased complex-
507ity of this class of molecules represents a demanding test due to
508the possible formation of competing N,N- or N,O-bis-
509coordinated complexes with PdII that could either inhibit the
510reaction or compromise the desired pathway, in terms of
511selectivity. Indeed, Yu has recently demonstrated that the native
512amino acid moiety of peptides can coordinate with PdII via
513N,N- or N,O-bidentate coordination and promote the
514functionalization of proximate C(sp3)−H bonds such as
515arylation or acetoxylation reactions.5i

516We were delighted to see that the carbonylative cyclization of
517both tert-leucine-glycine ((+)-64) and valine-glycine [(+)-66]
518dipeptide derivatives occurred efficiently, providing the
519corresponding modified dipeptides (−)-65 and (−)-67 in
520good yields (87% and 77%, respectively) and complete site-
521 s12selectivity control (see Scheme 12). In the case of the valine-
522containing dipeptide, the product (−)-67 was obtained with
523good trans-diastereoselectivity (trans/cis = 6.7:1). Encouraged
524by this outstanding reactivity, we questioned whether this
525carbonylation protocol could be applied to the more
526challenging tripeptide derivatives. We chose the valine-
527glycine-valine derivative (−)-68 as the substrate because it
528contains two valine moietiesone at the N-terminus and
529another one at the C-terminusthus it is well-suited to test the
530capability of the N-SO2Py directing group in controlling site
531selectivity. To our delight, the carbonylation of tripeptide
532(−)-68 under the optimized reaction conditions proceeded
533smoothly to afford the expected modified tripeptide (+)-69 as
534the only isolated product in 71% yield after chromatographic
535purification. Importantly, the C−H activation occurred with
536complete site-selectivity control at the N-terminus, thus
537highlighting the capacity of the bidentate N-SO2Py directing
538group to override other inherent substrate coordinating
539elements. Also remarkable is the fact that the reaction occurred
540with almost-complete trans-diastereoselectivity (trans/cis =

Scheme 10. Sequential C−H Arylation and Carbonylative Cyclization for Introducing Structural Diversity and Complexity on
tert-Leucine Derivative (+)-1

aMonoarylation conditions: AgOAc (1.5 equiv), 4-iodotoluene (1.5 equiv). bDiarylation: AgOAc (1.5 equiv), 4-iodotoluene (2.5 equiv).
cTriarylation: AgOAc (3.5 equiv), 4-iodotoluene (3.5 equiv). Ar = p-Tol. SO2Py = 2-PySO2. For further details, see the Supporting Information.

Scheme 11. Late-Stage Carbonylation of the Estrone
Derivative
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541 >20:<1), presumably due to the bulky peptide chain attached to
542 C(5) of the 2-pyrrolidinone cyclic system (Scheme 12).
543 Mechanistic Insights. Nuclearity of Complex A in
544 Solution. In order to gain insights into the reaction mechanism,
545 we first sought to identify the catalytically active species.
546 Previous studies performed in our group suggested that the
547 dimer is not the predominant species in solution of CD3CN,

44

548 but rather this complex is mainly present as a monomer (most
549 likely Á), in which the weakly coordinating CD3CN reversibly

s13 550 coordinates the active catalyst (A′) (see Scheme 13).

551 This assumption was initially based on the fact that the one-
552 dimension (1D)-selective NOE spectrum in CD3CN obtained
553 by inversion of the signal corresponding to the proton ortho to
554 the nitrogen of the pyridine ring (H1, 8.38 ppm) showed a
555 weak NOE interaction (<0.05%) with the methylene protons

f1 556 (H2 and H2′, 2.12 and 1.94 ppm, respectively; see Figure 1). In
557 fact, a similar 1D-selective NOE spectrum of A in DCE-d4 (an
558 apolar noncoordinating solvent) shows an important NOE
559 interaction (4.7% and 5%).45

560 To shed more light on this hypothesis, we performed an
561 analysis by positive electrospray high-resolution mass spectros-
562 copy (ESI-HRMS) of two separate solutions of complex A: one
563 in the weakly coordinating CH3CN as solvent and another one
564 in the noncoordinating solvent CH2Cl2. The ESI-HRMS

f2 565 spectrum of complex A in MeCN is shown in Figure 2. The
566 main feature of this spectrum is that it shows intense peaks
567 corresponding to monomeric PdII complexes. In fact, the
568 monomeric complex A′ was detected as the most intense peak
569 [m/z (M+H)+: 432.0198], while the corresponding monomeric
570 complex A′′, resulting from A′ by loss of CH3CN ligand, was
571 detected in lower abundance [m/z (M+H)+: 390.9872].
572 Instead, the dimeric form of this complex (complex A), easily

573attributable to the peak at m/z (M+H)+: 780.9782, was
574detected with a very low intensity. In comparison with the
575previous results, the ESI-HRMS analysis of a solution of
576complex A in CH2Cl2 showed the dinuclear species (A) with
577the highest intensity, clearly indicating that this complex
578 f3becomes predominant in noncoordinating solvents (Figure 3).
579No mononuclear species associated with this complex was
580detected in this case.

Scheme 12. Late-Stage Carbonylation of Dipeptides and
Tripeptides

Scheme 13. Behavior of Complex A in a CD3CN Solution

Figure 1. 1D-selective NOE spectrum of A in two solvents with
different coordinating ability. Upper panel shows the 1D-selective
NOE spectrum of A in CD3CN at 5 °C; lower panel shows the 1D-
selective NOE spectrum of A in DCE-d4.

Figure 2. HRMS spectrum of complex A in CH3CN.
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581 These observations are in accordance with the much higher
582 catalyst activity encountered in coordinating solvents such as
583 HFIP or CH3CN (≥87% conversion in the model reaction of
584 3→ 9), compared to the low outcome when using the
585 noncoordinating DCE (17% conversion, see the Supporting
586 Information for solvent screening studies).
587 Monitoring Stoichiometric Carbonylation of Complex
588 A. Next, using 1H NMR in CD3CN as a solvent (much less
589 expensive than deuterated-HFIP), we monitored the stoichio-

590metric reaction of complex A with Mo(CO)6 (0.33 equiv) at rt.
591This experiment led us to find a fast and clean formation of an
592intermediate (D), which reached its highest concentration after
5932.5 h (roughly complex A/intermediate D ratio = 1:1), as
594 f4shown in Figure 4 (vide inf ra for the characterization of
595intermediate D). The resulting mixture remained almost
596unaltered for a period of an additional 2.0−2.5 h and, suddenly,
597a relatively fast conversion of intermediate D into the final γ-
598lactam (+)-2 was observed, with a complete disappearance of
599characteristics signals of intermediate D upon 7.5 h.
600Remarkably, a 60% conversion toward (+)-2 was achieved
601after 9.5 h of reaction. Nevertheless, full conversion of complex
602A into the γ-lactam 2 was reached under extended reaction
603 f5times (24 h). Figure 5 shows the complete reaction kinetic
604profile from a measure of conversion (%) versus time (hours).
605Structural Characterization of Intermediate D. The 1H
606NMR spectra of intermediate D in CD3CN was very similar to
607that of complex A, providing little structural information (just
608very small differences in chemical shifts). However, the 13C
609NMR spectrum in CD3CN (at −20 °C to minimize
610decomposition) showed two extra peaks, compared to the
611

13C NMR spectrum of complex A. While one of them, at 179.0
612ppm, was assigned to a CO bonded to the Pd center,46 the
613other one, at 125.4 ppm, with a very low intensity, was
614tentatively assigned to the nitrile carbon of the CD3CN ligand

Figure 3. HRMS spectrum of complex A in CH2Cl2.

Figure 4. 1H NMR monitoring the reaction of complex A with Mo(CO)6 (0.33 equiv) in CD3CN at room temperature (rt).
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615 bonded to the Pd center in the monomeric complex A′, which
616 is slowly formed by decomposition of intermediate D, likely
617 through CO ligand displacement by CD3CN (the signal for the
618 CD3 group of this CD3CN ligand would appear overlapped
619 with the signal of the solvent).47

620 Importantly, monomeric intermediate D was detected as the
621 highest intensity peak upon analysis by ESI-HRMS of a CD2Cl2
622 solution [m/z (M+CO+H)+: 418.9893] accompanied by the
623 corresponding C−H activation complex A′′ after loss of CO

f6 624 [m/z (M−CO+H)+: 390.9943] (see Figure 6).48

625 Finally, the presence of a CO molecule as an external ligand
626 in the structure of intermediate D was corroborated by infrared
627 (IR) spectroscopy. A very representative peak at 2095 cm−1

628 (observed both in CD3CN and CD2Cl2) was very characteristic
629 and perfectly matches with previously reported data for similar
630 palladium−carbonyl complexes (typically in the range of 1900−
631 2100 cm−1).46 The stretch vibration corresponding to the
632 carbonyl group of the methyl ester moiety appeared, as
633 expected, at 1742 cm−1 (see the Supporting Information).
634 Computational Studies. To shed more light on the
635 carbonylation/cyclization reaction mechanism, a complete
636 energy profile for the reaction of the N-(2-pyridyl)sulfonyl-

f7 637 tert-leucine derivative 1 was calculated (see Figure 7). The first
638 considered step was the C−H activation. It may occur by
639 several potential mechanisms. Among them, a concerted
640 metalation−deprotonation (CDM) pathway has often been
641 found to be the most favorable.49 Based on our previous
642 studies,44 model complex I was used as the starting point.50 A
643 change in the conformation of this complex affords complex II,
644 which shows an agostic interaction between the Pd atom and
645 the C−H bond that is going to be cleaved. The most stable

646transition state found for this C−H activation was TS(II−III),
647in which the six-membered cycle formed by Pd, N, and the rest
648of the amino acid moiety, including the C−H bond being
649cleaved, adopts a distorted chairlike conformation. After the C−
650H activation process, a bicyclic five−five-membered palladium
651intermediate III is formed, which could suffer a ligand exchange
652between the acetic acid and an acetonitrile solvent molecule,
653thus generating intermediate IV [model structure of the
654proposed intermediate D, − 1.2(−7.1) kcal mol−1] as a stable
655palladium(II) complex stabilized by the pyridine ring and the
656acetonitrile molecule. In the presence of CO ligands, another
657ligand exchange can occur between the acetonitrile and the CO
658ligand, generating an even more stable intermediate V
659[−10.2(−15.4) kcal mol−1], in which the sulfonamide nitrogen
660and the CO adopt a trans arrangement.
661If the Pd atom coordinates with another molecule of solvent
662or CO, the pyridine ring could be displaced out of the
663coordination plane achieving different intermediates VI from
664which two similar routes a (L = CH3CN) and b (L = CO) have
665been studied. While VIa and VIb differ in the nature of the
666ligand (L) but both keep the sulfonamide nitrogen and one CO
667ligand in a trans-arrangement, in VI′a, these groups show a cis
668configuration.
669We first studied route a. The CO insertion could just be
670achieved from VIa via a high energetic transition state TS(VI−
671VII)a [19.1(16.4) kcal mol−1], which shows a pentacoordinated
672palladium structure. In this transition state, the Pd−C bond is
673being cleaved while the C−CO−Pd bond is being formed
674(insertion) by a three-membered ring in a concerted way,
675yielding VIIa as a bicyclic six-five-membered palladium(II)
676intermediate in which the other vacancies are occupied by an
677acetonitrile ligand and the pyridine ring. All the attempts to find
678an analogous insertion transition state from VI′a failed,
679probably due to an important electronic repulsion between
680CO and SO2 groups as they get closer. These results finally
681suggest that the CO insertion probably occurs into the C−Pd
682bond (via intermediate C−CO−Pd), dismissing other alter-
683native hypotheses which proceeded via the CO insertion on the
684N−Pd bond (intermediate, N−CO−Pd). Complex VIIa
685evolves through a reductive elimination transition state, where
686the N−CO bond is being formed as the Pd−CO bond is being
687cleaved [TS(VII−VIII)a, 10.4(6.9) kcal mol−1)] yielding the
688cyclized intermediate VIIIa [−10.2(−14.3) kcal mol−1)], where
689the ester moiety adopts a pseudo-ecuatorial conformation.
690However, a more stabilized intermediate was found in which
691the ester group presents a pseudo-axial conformation, IXa
692[−13.4(−17.7) kcal mol−1)]. In this first route, both C−H
693activation and the CO insertion steps present transition states
694very similar in energy (19.7 and 19.1 kcal mol−1, respectively)
695and thus both could act as reaction limiting steps (with the C−
696H activation step having a slightly higher energy barrier).
697This energy profile did not provide an explanation for the
698observed negative role of an excess of CO in the reaction
699medium since a more energy-demanding insertion step would
700be expected in this case. Thus, in order to evaluate the effect of
701CO as a ligand in these intermediates, route b was also studied.
702However, as shown in Figure 7, all the intermediates and
703transition states found were much more stable, indicating that
704the C−H activation step could be the reaction-limiting step and
705once the required energy to overcome this step is available, the
706process should be favorable. Therefore, the possible influence
707 f8of CO before the C−H activation step was explored (Figure 8).
708The coordination of a CO molecule in complex I afforded a

Figure 5. Complete kinetic reaction profile of complex A with
Mo(CO)6 (0.33 equiv) in CD3CN at rt.

Figure 6. HRMS spectrum of intermediate D in CD2Cl2.
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709 much more stable complex Ib. A conformational change on this
710 complex gave rise to complex IIb, from which the located

711transition state for the C−H activation step [TSIIbCHact, 22.8
712(23.8) kcal mol−1] was less stable than that proposed without
713coordination of CO [Figure 7, TSII-III, 19.7 (18.3) kcal
714mol−1]. This suggests that the limiting C−H activation step
715becomes more difficult when an excess of CO is present. In
716addition, from complex IIb a more favorable pathway for the
717insertion of CO into the Pd−N bond was found. A change in
718the coordination mode of the acetate ligand promotes the
719displacement of the pyridine one, affording complex IIIb from
720which the insertion process occurs [TS(III−IV)b, 19.5 (21.8)
721kcal mol−1] to give a quite stable six-membered amide-type
722complex IVb. From this intermediate, the C−H activation
723process would be extremely difficult [TSIVbCHact, 39.8 (39.4)
724kcal mol−1], promoting the entire catalytic cycle to stop. This
725competitive off-cycle nonproductive pathway could explain the
726empirically observed negative role of an excess of CO.
727Working Mechanistic Hypothesis. Based on these
728mechanistic insights gained from both experimental and
729theoretical studies, we propose the simplified catalytic cycle
730 s14presented in Scheme 14. We reasoned that the reaction might
731proceed through initial PdII-catalyzed γ-C−H activation via a
732concerted metalation-deprotonation (CMD) mechanism as-
733sisted by the acetate ion, thus leading to the bimetallic complex
734A, which is in equilibrium with an active monomeric complex
735A′. The latter might undergo solvent ligand displacement by
736CO to afford intermediate D. Carbonyl insertion across the
737Pd−C bond (intermediate VII), which is energetically favored
738over the insertion across the Pd−N bond), followed by
739reductive elimination would yield the carbonylative cyclization

Figure 7. Complete energy profile for the reaction of the N-(2-pyridyl)sulfonyl-tert-leucine derivative 1 in the gas phase. Relative G values are
reported at 298 K (kcal mol−1). Single-point solvation energy corrections (CH3CN, CPCM model) are indicated in parentheses.

Figure 8. Possible competitive route in the presence of an excess of
carbon monoxide. Relative G values are reported at 298 K (kcal
mol−1). Single-point solvation energy corrections (CH3CN, CPCM
model) are indicated in parentheses.
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740 product. The so-formed reduced Pd0 species would then
741 reoxidize back to the active PdII species via the combined action
742 of BQ and AgOAc.51

743 ■ CONCLUSIONS
744 In conclusion, a practical and reliable Pd-catalyzed procedure
745 for the site-selective γ-C(sp3)−H carbonylation/cyclization of
746 aliphatic amine derivatives, including α- and β-amino acid
747 derivatives, has been developed, thus leading to the
748 corresponding γ-lactams in good yields through a 2-fold
749 carbonylation [at both C(γ)−H and N−H bonds]. This
750 protocol strongly relies on the excellent directing ability
751 displayed by the N-SO2Py protecting group, which also proved
752 to be easily removed under mild conditions. In addition to γ-
753 methyl groups, the reaction proved to be also effective for the
754 activation of γ-methylene C−H bonds of cyclopropanes and
755 conformationally biased molecules. This carbonylation protocol
756 also allows late-stage modifications of more-complex, functional
757 compounds such as dipeptides or tripeptides, thereby
758 illustrating the capacity of the bidentate N-SO2Py directing
759 group to override other inherent substrate coordinating
760 elements, as well as broad functional group tolerance.
761 Importantly, the use of a substoichiometric amount of
762 Mo(CO)6 (0.33 equiv) as a solid source of CO circumvents
763 the problem of handling toxic gaseous CO and also enables
764 slow in situ generation of CO, thus preventing PdII catalyst
765 deactivation under excess of CO, as suggested by both
766 experimental and computational studies.

767 ■ EXPERIMENTAL SECTION
768 General Methods. All reactions were carried out in anhydrous
769 solvents taken from the PureSolv MD purification system. Palladium
770 precatalysts, metal carbonyls, and silver salts were purchased from
771 commercial sources and used without further purification.
772 Computational Methodology. Geometries were optimized with
773 B3LYP and the SDD basis set for Pd and the 6-31G(d) basis set for
774 other atoms. Single-point energies were calculated at the M06/SDD-6-
775 311+G(2df, 2p) level. The reported free energies include zero-point
776 energies and thermal corrections calculated at 298 K with B3LYP/
777 SDD-6-31G(d). All calculations were performed with Gaussian 09.52

778Typical Procedure for the Pd-Catalyzed Carbonylative Cycliza-
779tion of Aliphatic Amines: Synthesis of (S)-methyl-3,3-dimethyl-5-
780oxo-1-(pyridin-2-ylsulfonyl)-pyrroledine-2-carboxylate [(+)-2]. An
781oven-dried pressure tube was charged with Pd(OAc)2 (2.33 mg,
7820.010 mmol), AgOAc (26.04 mg, 0.156 mmol), benzoquinone (22.48
783mg, 0.208 mmol), Mo(CO)6 (9.06 mg, 0.034 mmol), tert-leucine
784derivative (+)-1 (29.78 mg, 0.104 mmol), and HFIP (0.2 mL). The
785pressure tube was then sealed with a screw cap and the reaction was
786placed in a preheated oil bath at 110 °C for 18 h. The mixture then
787was removed from the oil bath and allowed to cool to room
788temperature. The reaction mixture was then diluted with EtOAc,
789filtered through a pad of Celite and concentrated. The residue was
790purified by flash chromatography (cyclohexane/EtOAc 6:1 to 3:1) to
791afford γ-lactam (+)-2 as a yellow oil; yield: 26.96 mg (83%), [α]D

298=
792+5 (c = 0.2, CH2Cl2).
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814y Cajal contract and the European Commission for a Marie
815Curie Foundation (CIG: CHAAS-304085). We also thank the
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1058Angew. Chem., Int. Ed. 2011, 50, 10927−10931. (d) Urones, B.; Goḿez
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