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Abstract

Carbamic-carbonic anhydrides are elusive species that have been only indirectly detected under controlled
conditions. This functional group is transiently formed during the reaction of secondary amines with anhydrides
in the presence of nucleophilic catalysts such as 4-(dimethylamino)pyridine. In this work, the synthesis and
isolation of two carbamic-carbonic anhydrides are reported, including the first-ever solid-state structure of this
functional group. The remarkable stability of these chiral carbamic-carbonic anhydrides allowed their study by
NMR, HRMS, FTIR-ATR, and thermal analysis techniques (DSC and TGA). A thorough analysis of the bonding
situation by computational studies hint that the origin of its unusual stability relies on n — o* stabilizing orbital

interactions hampering decarboxylation to occur.



Introduction

Carbamic-carbonic anhydrides combine carbamic and carbonic acid moieties into an anhydride-like
arrangement (Fig. 1B).1 Despite these compounds having been known for several decades as intermediates of
the reaction of secondary amines with anhydrides in the presence of nucleophilic catalysts such as 4-
(dimethylamino)pyridine (DMAP), the chemistry of carbamic-carbonic anhydrides remains poorly studied. These
compounds are generally highly unstable and readily prone to decarboxylation to generate the corresponding
carbamates (Fig. 1B), making isolation and characterization of these species a herculean task.? In 1971, Dean and
Tarbell have proposed the formation of carbamic-carbonic anhydrides as intermediates from the reaction between
tricarbonates with secondary amines.® Later on, in 1988, Kemp and Curran were the pioneers in the detection of
a carbamic-carbonic anhydride as an unstable intermediate during the acylation of the trans isomer of 2,5-
dicarbethoxypyrrolidine with di-tert-butyl dicarbonate (Boc,0) in the presence of DMAP.?

In a landmark study,? Basel and Hassner have investigated in detail the protection of different primary and
secondary alkylamines (Figs. 1A and 1B, respectively) as well as anilines with Boc20O in the presence and absence
of DMAP,? and established the major products associated with these reactions. By employing catalytic amounts
of DMAP, primary amines are known to afford the expected N-tert-butyloxycarbonyl (N-Boc) carbamates along
with urea and isocyanate as side products (Fig. 1A).? The distribution of the products depends on the temperature,

with the isocyanate being the major product at lower temperatures (Fig. 1A).2
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Fig. 1. Reaction of primary and secondary alkylamines with Boc;O-DMAP.?



In contrast, secondary amines react with Boc.O and DMAP to afford exclusively the corresponding carbamates
(Fig. 1B). By quenching the reactions after 1-5 min using 1% HCI, Basel and Hassner were able to successfully
detect these underexplored anhydrides by NMR analyses directly from the reactional crude (without purification
by column chromatography) due to their intrinsic lability.? These findings were further supported by reacting the
carbamic-carbonic anhydrides with DMAP (3 h) or after the addition of the starting amine, forming the desired
carbamates upon decarboxylation (Fig. 1B).?

A survey at Cambridge Structural Database using the ConQuest software reveals that solid-state structures of
carbamic-carbonic anhydrides are unknown.* Here we fill this gap and gain more insights on this underexplored
functional group by reporting the synthesis of a chiral carbamic-carbonic anhydride with remarkable stability, its

characterization in the solid state, and a thorough analysis of the bonding situation.

Results and Discussion
Recently, our research group has been exploring the use of chiral bicyclic amines type 2 (Scheme 1) and its
derivatives for the synthesis of Rasagiline analogues®’ and the development of chiral ligands for asymmetric

catalysis.®
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Scheme 1. Synthesis of chiral carbamic-carbonic anhydride 4. Reagents and conditions: i) Boc2O, EtzN,

CH:Cly; ii) Boc2O, DMAP (cat.), CH2Cly; iii) DMAP; iv) heating (up to 140 °C).



Following a regioselective protocol developed by us,>® ketone 1 is readily prepared with a 45% global yield
(over 4 steps) from 6,7-dihydro-5H-cyclopenta[b]pyridine. Reductive amination of ketone 1 with (S)-1-
phenylethan-1-amine in the presence of NaBH(OAC)s as the hydride reducing agent afforded amine (S,S)-2 as
the major diastereoisomer after column chromatography (60% yield, 74% of diastereoisomeric excess,
determined by H-NMR of the crude reaction mixture).® With this chiral amine in hand, we explored the N-
protection of (S,S)-2 into the N-Boc derivative 3 using Boc.O in the presence of triethylamine (EtsN). However,
contrary to our expectations, all attempts to synthesize carbamate 3 (equimolar and excess amounts of Boc.O and
EtsN), did not produce any products, with full recovery of the starting amine. Despite N-Boc derivatives can be
obtained directly from the reaction between aliphatic primary and secondary amines with Boc,0,° the use of
catalysts such as DMAP is widely employed as a standard protocol.? 12! In this sense, catalytic amounts of
DMAP were used as an EtsN substitute. After reacting for 5 min a new spot on TLC was found, with no changes
in the TLC elution profile when the reaction time was extended up to 4 h.

After the workup (liquid-liquid extraction with an aqueous saturated solution of NaHCO3) and purification
(column chromatography) the solid obtained was analyzed by FTIR-ATR (Fig. 2A).
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Fig. 2. (A) FTIR-ATR spectrum of 4; (B) Truncated *C{*H} NMR (above) and DEPT-135 (under) spectra (100

MHz, CDCls) of 4; (C) TGA/DSC of 4 with detection of CO2 by FTIR (D) at 15 min.



Surprisingly, the FTIR-ATR spectrum shows two bands of C=0 stretch at 1789 and 1717 cm (Fig. 2A). This
led us to suspect the isolation of a carbamic-carbonic anhydride intermediate 4 instead of the expected carbamate
3. The *H NMR (Fig. S3) and *C{*H} NMR (Figs. 2B and S4) data show the presence of two different species
in solution (CDClz3) in a 50:50 ratio (Fig. S3). Regarding that the starting amine (S,S)-2 is diastereoisomerically
pure, the origin in the splitting pattern found in the NMR data of 4 is attributed to cis—trans conformers in the
solution-phase.

A close inspection of the *C{*H} and DEPT-135 NMR spectral data indicate the successful isolation of
carbamic-carbonic anhydride as a mixture of two conformers (Fig 2B and S4). Note that each conformer displays
two quaternary carbons (C=0) in *C{*H} NMR (Figs. 2 and S4), which are attributed to the carbonyl carbons of
the carbamic-carbonic anhydride motif.? Basel and Hassner have previously documented the presence of
conformers in N-(tert-butyloxycarbonyloxy)carbonyl-N-benzylethanamine, showing two sets of quaternary
carbons (150.4/149.5 and 147.7/147.6 ppm) in *C{*H} NMR,? which agrees with the spectroscopic data found
for anhydride 4 (150.0/148.8 and 147.6/146.7 ppm), as depicted in Figs. 2B and S4.

The remarkable isolation of carbamic-carbonic anhydride 4 by chromatography suggests unusual stability for
this compound. In fact, anhydride 4 is unaffected by atmospheric moisture and oxygen, with no noticeable
conversion to the corresponding carbamate after storage for several months. To best characterize anhydride 4, to
thermal analysis techniques such as TGA and DSC coupled to FTIR were performed to identify the thermal
decomposition pattern (Figs. 2C and 2D). The DSC shows an endothermic signal at 109.16 °C, which corresponds
to the melting point of 4 as confirmed by TGA analysis (Fig. 2C). At higher temperatures (140 °C) in TGA, a
noticeable mass loss is detected (33.7%) which is compatible with the complete removal of the anhydride moiety
with the subsequent formation of amine 2. This was further supported by FTIR analysis which unequivocally
shows the detection of CO> during 11-18 min (Fig. 2D) with a maximum at 15 min, which perfectly matches with
the loss of the mass detected by TGA analysis. Both melting and decomposition were confirmed experimentally
by warming 4 at 109 and 140 °C for 1 min, respectively, followed by NMR analysis (Figs. S5 and S6). The 'H
NMR data unequivocally shows no differences between the spectra before and after warming 4 at 109 °C (Fig.

S5). In contrast, the 'H NMR spectrum obtained after heating 4 at 140 °C shows appreciable decomposition with



the detection of a mixture of 2 and 4 (Fig. S6) in a ratio of 67:33, respectively, with no noticeable formation of
the N-Boc counterpart 3 whatsoever.

Attempts to obtain suitable crystals of 4 for X-ray analysis were made to unravel the solid-state structure of
this not-so-labile derivative. Delightfully, colourless crystals were obtained from slow evaporation of 4 in
CH2CIl2/CH30H 4:1, enabling the study of a carbamic-carbonic anhydride structure for the first time in the solid-

sate by X-ray crystallography. The ORTEP diagram of the carbamic-carbonic anhydride 4 is shown in Fig. 3.2
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Fig. 3. Single-crystal X-ray diffraction experiment for carbamic-carbonic anhydride 4. ORTEP diagram for 4
with thermal ellipsoids drawn at 50% probability including an arbitrary numbering system for the carbamic-
carbonic anhydride moiety exhibiting a cis-conformation. Selected bond distances (A) for 4: N1-C1, 1.343; C1-
01, 1.199; C1-02, 1.402; C2-02, 1.364; C2-03, 1.193; C2-04, 1.309. Color key: blue = C; red = O; pink = N;

white = H

The successful isolation of 4 from 2 as a stable species using standard protocols? 12! for N-Boc protection of
secondary amines with Boc2O and DMAP as the catalyst raises an important question: may this be an exceptional
case or may carbamic-carbonic anhydrides be more common as formal products rather than intermediates?
Considering the presence of the basic nitrogen atom in 2 (pyridine moiety), more experiments were conducted to
enlighten whether this is (or not) a structural requirement for the formation and stabilization of carbamic-carbonic
anhydrides such as 4. To clarify this point, secondary amine 6 was synthesised from 2,3-dihydro-1H-inden-1-one

(5) and further reacted with Boc.O in the presence of catalytic amounts of DMAP (Scheme 2).
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Scheme 2. Synthesis of carbamic-carbonic anhydride 7. Reagents and conditions: i) (S)-1-phenylethan-1-

amine, NaBH(OAc)s, DCM; ii) Boc.0, DMAP (cat.), CH2Cl..

Using the reductive amination protocol, ketone 5 was converted into secondary amine 6 with 64% vyield as a
mixture of diastereoisomers in a 93:7 ratio (as determined by NMR, Figs. S7 and S8) after chromatography.
Following the procedure employed for the preparation of carbamic-carbonic anhydride 4, amine 6 was reacted
with Boc20 in the presence of catalytic amounts of DMAP. After 4 h reacting, the TLC showed the formation of
a sole product which was isolated by chromatography. Analogously to carbamic-carbonic anhydride 4, the *H
NMR spectrum (CDCls, Fig. S9) exhibits duplication of the signals in a ratio of 71:29. Furthermore, two sets of
quaternary carbons (150.4/150.4 and 148.0/146.9 ppm) were detected in the *C{*H} NMR (CDClIs, Fig. S10),
which agrees with the spectroscopic data found for anhydride 4, corroborating the formation of carbamic-carbonic
anhydride 7.2

Variable-temperature NMR experiments (Figs. 4 and S11) in DMSO-de unequivocally show the coalescence
of signals of 7 from 25 to 80 °C, corroborating the presence of conformers at 25 °C. From 90 to 100 °C it is
possible to notice the continuous process of coalescence and the presence of additional signals in the NMR spectra

which is associated with the thermal decomposition of carbamic-carbonic anhydride 7 into 6.
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Fig. 4. Truncated *H NMR spectra of variable-temperature experiments (400 MHz, DMSO-ds) for carbamic-
carbonic anhydride 7 at 25, 70, 80, 90, and 100 °C. Dashed boxes denote the coalescence of signals with

temperature and solid boxes indicate the signals from the decomposition of 7 at higher temperatures.

The successful isolation and characterization of 7 unarguably rule out a potentially critical role of pyridine
moiety in (S,S)-2 for the formation and stabilization of 4. Thus, the formation and isolation of 4 and 7 under this
protocol should not be regarded as particular cases, drawing attention to the possibility of the formation of such
species as sole formal products.

A plausible mechanism for the formation of carbamic-carbonic anhydrides 4 and 7 is shown in Scheme 3.
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Scheme 3. A plausible mechanism for the formation of carbamic-carbonic anhydrides 4 and 7.

Initially, DMAP reacts with Boc2O to generate the N-Boc-DMAP intermediate 11 and tert-butyl carbonate.
The isolation of the N-Boc-DMAP salts was previously described by Guibé-Jampel and Wakselman,? while the
spectroscopic identification of the Boc.O/catalyst complex was performed by Knélker and co-workers.?*

Subsequently, tert-butyl carbonate undergoes decarboxylation to generate CO2 in situ,® along with the formation

8



of intermediate I111. Despite being a strong electrophile, intermediate 111 seems not to react with amines 2 and 6,
otherwise, the formation of carbamate products would be expected. Since no carbamates were detected in these
reactions, it is surmised that CO- is trapped by amines 2 or 6 (carbonatation) instead, delivering the corresponding
carbamic ions type 1V. These, in turn, react with N-Boc-DMAP intermediate 111 to deliver the carbamic-carbonic

anhydrides 4/7, with the regeneration of the catalyst.



Computational Studies

Regarding the exclusive occurrence of the cis-conformer of 4 in the solid-state (Fig. 3), the first aim of the
theoretical calculations was to elucidate the presence of two conformers in the solution (CDCIs) as indicated by
NMR data. Two conformers with identical energies (Fig. 5) were identified, which major difference relies on the
dihedral » associated with the cis—trans isomerization of the carbonyl groups of the carbamic-carbonic anhydride
moiety. More specifically, it was found o = 52.3° for the cis species and o = —102.9° for the trans-species.
Frequency calculations indicated that the cis species is more stable than the trans-species by just 0.3 kcal mol*
(Gibbs free energy with thermal corrections), which agrees with the 50:50 ratio of conformers determined

experimentally by NMR and the presence of the cis-species (more stable) in the solid-state.
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Fig. 5. Optimized geometries, at the ®B97XD/6-31+G(d,p) level of theory, for the cis (A) and trans (B) species
of the carbamic-carbonic anhydride 4 (color key: blue = N; red = O; gray = C; white = H). Potential energy curve
(C) of the C2-02 bond breaking of the cis-species of 4, as a function of the C2-O2 bond length (steps of 0.1 A).
Geometry optimized at a fixed bond length of 2.46 A, demonstrating the fragmentation into the carbamic ion,
COo, and carbocation moieties. (D) AE((), AAE({)strain and AAE(Q)int Values plotted as a function of the C2-0O2
bond length (steps of 0.1 A) for the cis-species of 4. All calculations were made at the ®B97XD/6-31+G(d,p)

level of theory in implicit chloroform.
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Having identified the origin of the two conformers of carbamic-carbonic anhydride 4, efforts were made to
understand the surprising stability of this compound that, contrary to expectations, does not decompose into the
corresponding carbamate and CO,.2° Thus, firstly, the Gibbs free energy differences (with thermal corrections)
between both conformers (cis and trans species) and their expected decomposition products (carbamate and COy)
were calculated. Interestingly, and in apparent contrast with experimental data, both decomposition reactions
appear to be favorable by 16.6 kcal mol™ (for the trans-species) and by 16.8 kcal mol™* (for the cis-species). This
indicates that the reason for the stability of this carbonic anhydride is not related to the exothermicity (or lack
thereof), but possibly with high energy barriers present in different reaction steps.

Working on carboxylic-carbonic anhydrides, Tarbell and Leister have suggested an Sn1-type reaction
mechanism initiated by C-O bond breaking, leading to the formation of an arylcarboxylic acid moiety, a
carbocation, and CO,.2% 2" Upon release of CO2, recombination of the arylcarboxylate and the carbocation would
lead to the formation of the corresponding ester.?® 2’ Using the same rationale, the potential energy curves of the
C2-02 bond breaking for each conformer were analyzed. This was done by optimizing the geometries of the
conformers at several lengths of the relevant C2-O2 bond. The potential energy curves for the cis species are
present in Fig. 5C, while for the trans-species these are present in Fig. S14.

As the C2-02 bond length increases, the respective energy increases as well for both conformers (Figs. 5C
and S14). For the cis species, the energy increases continuously up to 52.6 kcal mol™, with the increase in the
C2-02 from 1.36 to 2.46 A. At this point, the carbamic-carbonic anhydride is decomposed into the carbamic ion,
CO», and carbocation species. The results are identical for the trans-species, as the energy also increases
significantly up to 35.7 kcal mol™. Given the potential energy curves obtained (Figs. 5C and S14), we propose
that the unusual stability of 4 resides on C2-O2 bond-breaking step, which is too energetically demanding. This
prevents the CO- release and the recombination of the carbamic ion and the tert-butyl carbocation to form the

corresponding carbamate.
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Having provided evidence to support the unexpected stability of carbamic-carbonic anhydride, we proceeded
to clarify why the C2-O2 bond breaking is so unfavorable. To this end, we have used the activation strain model,?
also known as the distortion/interaction model.?*-*! This model decomposes the potential energy surface AE(()
into two main contributions along the reaction coordinate C: the reaction strain (AE(C)strain), Which is determined
by structural distortion that the reactants undergo during the reaction; and AE(C)int representing the interaction
between reactants. So, AE(C)strain results from the energy required to break the bond and deform bond angles.
AE(Q)int results from the bonding capabilities and mutual interaction between the reactants along the reaction
coordinate. Considering an Sn1-type reaction mechanism, the analysis will not be between reactants but between
carbamic ion and carbocation-CO, moieties.

The values of AE(C), AAE(Q)strain, and AAE(Q)int Were plotted as a function of C2-O2 bond breaking in both cis
and trans-species (Figs. 5D and S14B, respectively). AAE(Q)strain iS the sum of the AE(C)strain for both moieties,
while AAE(C)int corresponds to the change of AE(Q)int as a function of the reaction coordinate. The results for both
conformers are in agreement, as AAE(Q)strain IS increasingly negative while AAE()int is increasingly positive.

More importantly, this approach demonstrates that the increase of AE(() along the reaction coordinate is
mainly determined by AAE(()int, as the interaction between the carbamic ion and carbocation-CO2 moieties
become increasingly unfavorable (AAE(Q)int up to 143.0 kcal mol™?). Thus, we can conclude that there is
significant interaction between the two moieties of the studied carbamic-carbonic anhydride 4, which stabilizes
the molecule thus hindering its decomposition by C2-O2 bond breaking.

Upon reaching this conclusion, we further decomposed the interaction energy (AEint) between the two moieties
for the cis-species (Table 1), at geometries with C2-O2 bond lengths of 1.36 and 2.46 A, into a steric (AEsteric)

and orbital interaction energy (AEor) terms.
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Table 1. Energy decomposition of the interaction energy (AEin, in kcal mol™) between the carbamic ion and
carbocation-CO2 moieties of the cis species of the carbamic-carbonic anhydride 4, into orbital interaction (AEom,
in kcal mol™) and steric (AEsteric, in kcal mol™) terms. The analysis was made for geometries optimized with fixed
C2-02 bond lengths of 1.36 A (reactant) and 2.46 A (fragmentation into the carbamic ion, CO2, and carbocation
moieties, as seen in Fig. 5). The analysis was made with the Multiwfn program,®? and was based on ®B97XD/6-

31+G(d,p) calculations.

C2-02 Bond Length / A AEint AEorb AEsteric
1.36 —164.0 —299.0 134.9
2.46 -21.1 -7.2 —13.9

AAEint = 143.0 AAEorn = 291.8 AAEsteric = —148.9

AEseric combines electrostatic interaction and exchange repulsion (related with Pauli repulsion effects) terms,
while AEqn arises from the mixing of occupied and unoccupied orbitals. This energy decomposition was
performed with the Multiwfn program,? and was based on ®B97XD/6-31+G(d,p) calculations.

The energy decomposition analysis (Table 1) shows that the attractive interaction between fragments of the
carbonic anhydride (C2-O2 bond lengths of 1.36 A) is determined mainly by Eom, Which provides significant
stabilization for this molecule. On the contrary, AEseric provides only repulsive contributions to AEint.
Interestingly, upon C2-O2 bond breaking, AEstric contributes favorably for attractive interactions between the
fragments (AAEswric of —148.9 kcal mol™). However, this is not enough to offset the significant decrease in the
favorable contribution of Eom (AAEor of 291.8 kcal mol™).

Orbital interactions (as n — n* and n — ¢*) have attracted growing interest in recent years, as they are widely
present in biomolecules, materials, drugs, and can affect their geometry and stability.>*3> These interactions are
composed of the delocalization of an oxygen’s lone pair (n) over the antibonding n*/c* of a nearby carbonyl C-
O bond. Natural bond orbital (NBO) analysis was then performed at the ®B97XD/6-31+G(d,p) level for the cis
species (Fig. 6), to assess the existence of relevant orbital interactions between the carbamic ion and carbocation-

CO. fragments, with a focus on the C2-O2 bond.
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Fig. 6. (A) NBO orbital overlap between oxygen (O3) lone pair of the CO, carbonyl moiety of the cis species of
4, and the antibonding o™ orbital of the C2-O2 bond. (B) NBO orbital overlap between the oxygen (O2) lone pair
of the cis species of the carbamic-carbonic anhydride, and the antibonding =* orbital of the C2-O3 carbonyl bond

of the CO2 moiety. Color key: blue = N; red = O; gray = C; white = H.

This analysis showed the occurrence of both n — n* and n — o* interactions between the carbamic ion and
carbocation-CO, moieties. The n — o™ interaction consists in significant overlap of the lone pair of O3 and the
antibonding o* orbital of the adjacent C2-O2 bond (Fig. 6). As for the n — =* interaction, it consists of a
significant overlap between the lone pair of O2 and the antibonding =* orbital of the adjacent carbonyl (C2-O3)
of the CO, moiety. Their associated second-order perturbative energies (E) were found to be 44.1 kcal mol*
for the n—c™ interaction and 50.0 kcal mol™ for the n — =* interaction, which indicates a relevant level of
stabilization associated with these interactions. More specifically, there appears to be a significant stabilization
effect by orbital interactions between fragments, which is associated with the C2-O2 bond. Such orbital
interactions are expected to be disrupted if C2-O2 bond-breaking occurs, and so, their stabilizing effect would be
lost. This justifies the significant decrease of Eorn due to C2-O2 bond breaking (Table 1), which significantly
diminishes the attractive interaction between fragments (Fig. 5) and makes the C2-O2 bond-breaking step too

energetically demanding, thus preventing its dissociation to form the carbamate 3 and CO-.
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Having provided insight into the surprising stability of 4, it is also important to rationalize why heating to 140
°C (Fig. 2) yields 2 and not the expected carbamate 3. It is also relevant to understand why the decomposition of
4 into 2 only occurs with heating to 140 °C, and not also at room temperature. To address the first issue, we
calculated the Gibbs free energy differences (with thermal corrections) for the decomposition of the cis species
of 4 into 2, isobutene and two CO2 molecules, at both 25 and 140 °C. These results were compared with values
obtained for the decomposition of the cis species of 4 into the corresponding carbamate 3 and CO; (already
referred to above). Both reactions are exothermic at 25 °C in similar magnitudes, with the 4 — 2 reaction being
favorable by —15.0 kcal mol?, with the 4 — 3 reaction being favorable by —14.2 kcal mol™. However, while
increasing the temperature did increase the energy difference for both reactions, this increase was significantly
higher for the 4 — 2 reaction. Namely, this latter reaction becomes favorable by —34.3 kcal mol, an increase of
—19.2 kcal mol™. As for the 4 — 3 reaction, it becomes favorable by —20.9 kcal mol™, just an increase of —6.6
kcal mol™. Thus, we can attribute the formation of 2 as the decomposition product of 4, upon heating, due to this
reaction being significantly more favorable than the thermal decomposition of 4 into the corresponding carbamate
3.

Nevertheless, these results do put the question of why the decomposition of 4 into 2 does not occur at room
temperature. Given the similarity of the results obtained so far for both the 4 — 2 and 4 — 3 reactions, the
justification may be related to high energy barriers for different reaction steps. To obtain some corroboration for
this, we analyzed the potential energy curve of the N1-C1 bond breaking for the cis species of 4. These types of
calculations were performed to obtain a qualitative indication of the stability of a relevant bond that will be broken
during the 4 — 2 decomposition. This was done by optimizing the geometries of the conformer at several lengths
of the relevant N1-C1 bond. The potential energy curve for the cis species is presented in Fig. S15. The results
show that N1-C1 bond stretching is associated with a continuous increase in energy up to 81.7 kcal mol™, with
the increase in the N1-C1 bond length from 1.35 to 2.25 A. Thus, the results do support that dissociation of 4 into
the amine 2 is not energetically favorable, further explaining the stability of 4 at 25 °C and why heating up to 140

°C is required for its dissociation with the formation of 2.
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Conclusions

Two chiral carbamic-carbonic anhydrides were synthesized, isolated, and structurally characterized, one of
them by single-crystal X-ray diffraction analysis for the first time. The isolation of 4 and 7 provide irrefutable
evidence that carbamic-carbonic anhydrides are generated during the reaction between secondary amines and
anhydrides in the presence of nucleophilic catalysts. Although DMAP is still widely used as a standard protocol
for the preparation of N-Boc derivatives, this work draws attention to the formation of carbamic-carbonic
anhydrides as stable species (formal side products) rather than “intermediates”. Despite the unfruitful attempts to
synthesize N-Boc carbamates, the carbamic-carbonic moieties in 4 and 7 are also able to act as an effective N-
protecting group, being cleaved either by thermolysis (140 °C in the case 4 and 80 °C for 7) or acidolysis with
trifluoroacetic acid to generate the corresponding amines 2 and 6, respectively. Theoretical calculations
conducted for carbamic-carbonic anhydride 4 provided useful insights to rationalize its unusual stability,
demonstrating the existence of attractive orbital interactions responsible for holding carbamic ion and
carbocation-CO moieties together, making the C2-O2 bond dissociation (necessary for decarboxylation to occur)
too energetically demanding. The discovery of the unrecognized role of n — o* orbital interactions in 4 offers
useful insights into the stabilization of this functional group, opening a new avenue for the design of new stable

carbamic-carbonic anhydrides with potential applications in organic chemistry and related fields.

Experimental Section

General Information. All chemicals described in this work were of reagent grade and used without further
purifications. Solvents for chromatography were of reagent grade. CH2Cl, was distilled from CaH> under nitrogen
and stored over molecular sieves. High-purity grade silica gel used for flash chromatography (Merk 60A, 230-
240 mesh) and pre-coated aluminum silica gel plates used for analytical TLC (Merck 60 F2s4, 0.25 mm) were
obtained from Merck (Darmstadt, Germany). TLC plates were analyzed under UV radiation and/or by using a
solution of phosphomolybdic acid in ethanol requiring gentle heating for visualization. Mass spectra were
recorded on an LTQ Orbitrap XL™ hybrid mass spectrometer (Thermo Fischer Scientific, Bremen, Germany)
controlled by Xcalibur 2.1.0 and LTQ Tune Plus 2.5.5 (Centro de Materiais da Universidade do Porto, CEMUP).

The capillary voltage of the electrospray ionization source (ESI) and the temperature were set to 3.1 kV and 275
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°C, respectively, and the sheath gas was set at 6 (arbitrary units) according to the software settings. The capillary
and the tube lens voltage were set to 35 V and 110 V, respectively. NMR spectra were recorded at CEMUP with
a Bruker Avance 111 400 at 400.15 MHz for 'H and 100.62 MHz for *C. *H and BC{*H} chemical shifts are
reported (in ppm) and referenced to the residual protic solvent signals (DMSO-ds: on = 2.50 and CDCls: 1 =
7.26) in the *H NMR spectra and to the deuterated solvents signals (DMSO-ds: dc = 39.52 and CDCls: dc = 77.16)
in the C{*H} NMR spectra. Determination of the optical rotations was performed on a JASCO P-2000
polarimeter (thermostated) and the data was reported as follows: af expressed in (%) (dm™) (g™%), in which 8 is
the temperature in Celsius and ¢ (g / 100 mL, solvent). Solvents were evaporated using a Biichi rotavapor.

The X-ray intensity data were measured on a Bruker D8 VENTURE PHOTON-III C14 x-geometry
diffractometer system equipped with an Incoatec IpS 3.0 microfocus sealed tube (Mo Ka, A =0.71073 A) and a
multilayer mirror monochromator. The structure was solved and refined using the Bruker SHELXTL Software
Package. TGA and DSC were performed on a TGA/DSC 1 STARTe SYSTEM (Metter-Toledo AG,
Schwerzenbach, Switzerland) while using alumina crucibles under a stream of N2. The system was operated in
the dynamic mode in the temperature range 28-1050 °C. The sample size was 4.3840 mg. The results were
processed using the Mettler STARe 9.01 software (Metter-Toledo AG, Schwerzenbach, Switzerland). FTIR
spectrum was recorded on a PerkinElmer Spectrum Two FTIR-ATR instrument from the Department of
Chemistry and Biochemistry, Faculty of Sciences of the University of Porto (FCUP|DQB - Lab&Services).

Theoretical Methods. The calculations were performed with the Gaussian 09 program package.3® Geometry
optimizations, frequency, and single-point calculations were performed with the wB97XD functional and the 6-
31+G(d,p) basis set. wB97XD is a long-range-corrected hybrid exchange-correlation functional that accounts for
dispersion effects.®” All calculations were performed in implicit chloroform, which was modeled with the SMD
implicit solvation model.® SMD is based on the integral equation formalism model (IEFPCM), but with radii
and nonelectrostatic terms of Truhlar and co-workers’ SMD model. Thus, SMD has the advantage of including

nonelectrostatic terms in the calculations.3®
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Synthesis of 2. To a solution of ketone 1 (0.500 g, 3.76 mmol) in CH2Cl> (40 mL) was added (S)-1-
phenylethan-1-amine (0.73 mL, 5.6 mmol) and anhydrous Na>SOs. The suspension was left under magnetic
stirring for 4 h at room temperature. After that, NaBH(OACc)3 (1.193 g, 5.63 mmol) was carefully added and the
reaction was further stirred for 20 h. The suspension was filtered under reduced pressure and a saturated solution
of NaHCO:s (aq) (20 mL) was added to the filtrate. The mixture was transferred into a separatory funnel and the
aqueous phase was washed with CH>Cl> (3 x 30 mL). The organic extracts were combined and dried over
anhydrous Na SO, filtered, and the solvent removed using a rotavap. The crude oil was chromatographed using
EtOAC as eluent, affording amine 2 as a brown oil (0.539 g, 2.26 mmol, 60% vyield). TLC (EtOAc): Rt = 0.42;
[]3° = —27.9° (c1, CHCIls). 'H NMR (CDCls, 400 MHz): & 8.40 (d, J=4.9 Hz, 1H), 7.50-7.41 (m, 3H), 7.36—
7.28 (m, 2H), 7.27-7.20 (m, 1H), 7.05 (ddd, J=7.5, 4.9, 0.4 Hz, 1H), 4.25 (q, J= 6.6 Hz, 1H), 4.12 (t, J=7.7 Hz,
1H), 2.80 (ddd, J=16.1, 8.8, 2.9 Hz, 1H), 2.73-2.45 (m, 2H), 1.97 (dtd, J=12.8, 7.8, 3.0 Hz, 1H), 1.60 (ddd,
J=17.1, 12.8, 8.8 Hz, 1H), 1.48 (d, J=6.6 Hz, 3H). 3C{"H} NMR (CDCls, 101 MHz): & 165.2, 147.8, 146.0,

136.7, 132.7, 128.8, 127.5, 127.2, 122.3, 62.3, 58.6, 33.6, 28.2, 24.5.

Synthesis of 4. To a solution of amine 2 (0.180 g, 0.755 mmol) in CH2Cl> (20 mL) was added catalytic amounts
of DMAP followed by Boc.O (0.181 g, 0.831 mmol), and the reaction was kept stirring for 4 h. The solution was
then transferred into a separatory funnel and washed with a saturated solution of NaHCOs3 (aq) (3 x 40 mL). The
organic phase was dried over anhydrous Na SOy, filtered, and the solvent removed using a rotavap. The crude oil
was then chromatographed with EtOAc affording carbamic-carbonic anhydride 4 as an off-white solid (0.184 g,
0.481 mmol, 64% yield). mp = 109.16 °C; TLC (n-hexane:Et;0, 1:3 v/v): Rs = 0.62; [a]3® = —149° (c1.37,
CHCIls3). 'H NMR (CDCls, 400 MHz, conformers 50:50): & 8.37 (br s, 1H), 7.77 — 7.65 (m, 2H), 7.52 — 7.32 (m,
3H), 7.31 — 7.22 (m, 1H), 7.04 (dd, J = 13.1, 4.6 Hz, 1H), [5.59 (d, J = 6.0 Hz), 5.30 (d, J = 6.0 Hz), 1H], [4.70
(t, J = 7.7 Hz), 4.60 (t, J = 7.7 Hz), 1H], 3.18 — 2.96 (m, 1H), 2.78 (dd, J = 15.3, 7.3 Hz, 1H), 2.57 — 2.20 (m,
2H), [1.76 (d, J = 6.3 Hz), 1.72 (d, J = 6.3 Hz), 3H], [1.45 (s), 1.30 (s), 9H]. *C{*H} NMR (CDCls, 101 MHz,
conformers): 6 162.0, 160.9, 150.0, 148.8, 148.2, 147.6, 147.1, 146.7, 140.0, 136.3, 135.0, 133.2, 132.4, 128.5,
128.4, 128.0, 127.8, 127.6, 127.5, 122.3, 121.9, 84.6, 83.7, 61.1, 60.1, 57.0, 55.6, 31.4, 29.5, 28.2, 27.8, 27.5,

27.5,19.4, 18.3. HRMS (ESI-TOF) m/z calcd for C22H27N204": 383.19653; found: 383.19656.
18



Synthesis of 6. Following the same protocol described for the synthesis of 2, ketone 5 (0.513 g, 3.88 mmol)
was reacted with (S)-1-phenylethan-1-amine (0.75 mL, 5.8 mmol) followed by the addition of NaBH(OACc)s3
(1.230 g, 5.822 mmol). After typical workup, the crude oil was chromatographed using CH2Cl>/MeOH (50:1) as
eluent, affording amine 6 as a colourless oil (0.589 g, 2.48 mmol, 64% yield). TLC (CH2Cl2/MeOH 50:1): Rt =
0.25; 'H NMR (CDCls, 400 MHz, mixture of diastereoisomers 93:7): § 7.67 — 7.06 (m, 9 H), [4.32 (dd, J = 5.7,
3.6 Hz, minor), 4.18 (t, J = 6.6 Hz, major), 4.15 (g, J = 6.5 Hz, major), 4.11 — 4.02 (m, minor), 2H], 2.99 (ddd, J
=15.9, 8.3, 5.1 Hz, 1H), 2.76 (ddd, J = 15.8, 8.1, 7.0 Hz, 1H), [2.46 (dddd, J = 11.9, 8.2, 6.8, 3.7 Hz, minor),
2.27 (dddd, J = 12.3, 8.2, 7.1, 5.1 Hz, major), 1H], 1.76 (dddd, J = 12.8, 8.3, 7.0, 6.1 Hz, 1H), 1.56 (d, J = 1.7
Hz, 1H, NH), 1.43 (d, J = 6.6 Hz, 3H). 3C{*H} NMR (CDCls, 101 MHz): 5 146.6, 146.4, 146.1, 143.6, 143.3,

128.6, 127.4, 127.0, 126.9, 126.4, 126.2, 124.9, 124.6, 124.2, 124.1, 61.2, 60.7, 35.2, 34.2, 30.4, 25.7, 24.8.

Synthesis of 7. Following the same protocol described for the synthesis of 4, amine 6 (0.173 g, 0.729 mmol)
was reacted with catalytic amounts of DMAP followed by the addition of Boc.O (0.191 g, 0.875 mmol). After
typical workup, the crude oil was chromatographed using EtOAc as eluent, affording carbamic-carbonic
anhydride 7 as a colourless solid (0.186 g, 0.488 mmol, 67% yield). TLC (EtOAc): Rs = 0.75; [a]L/ = —101°
(c0.955, CHCI3). 'H NMR (CDCls, 400 MHz, conformers 71:29): & 7.61 — 7.28 (m, 5H), 7.24 — 6.89 (m, 3H),
[6.62 (d, J = 7.3 Hz), 6.43 (d, J = 7.3 Hz), 1H], [5.73 (d, J = 6.0 Hz), 5.28 (q, J = 7.2 Hz), 1H], [4.88 (t, J = 7.8
Hz), 4.72 (t, J = 8.3 Hz), 1H], 3.15 (ddd, J = 16.0, 10.1, 4.0 Hz, 1H), 2.83 (dt, J = 16.3, 8.3 Hz, 1H), [2.58 — 2.36
(m), 2.27 (ddt, J = 13.7, 10.0, 7.1 Hz), 2H], [1.73 (d, J = 7.1 Hz), 1.69 (d, J = 7.2 Hz), 3H], [1.51 (s), 1.26 (S),
9H]. ¥C{*H} NMR (CDCls, 101 MHz, conformers): & 150.4, 148.0, 146.9, 143.1, 142.6, 141.9, 141.1, 140.5,
140.3, 128.7, 128.7, 128.6, 128.1, 128.0, 127.8, 127.6, 127.5, 126.5, 126.3, 124.7, 124.5, 123.5, 123.4, 84.6, 83.7,
77.4, 60.5, 59.5, 55.7, 54.8, 32.5, 30.95, 31.0, 27.6, 27.4, 18.3, 17.1. HRMS (ESI-TOF) m/z calcd for

Cu6HsaN20gNa™ [2M + Na]*: 785.37724; found: 785.37939.
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Data availability

Copies of the NMR spectra for compounds (S,S)-2, 4, 6, and 7. HRMS spectrum for 4 and 7, and crystallographic
data and structure refinement for 4 can be found as part of the ESI (PDF), including FAIR data, with the primary
NMR FID files, for all compounds (ZIP).
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