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The mechanism of asymmetric amination of diazo-acetate by
tert-butyl carbamate catalyzed by dirhodium
tetra(trifluoro)acetate and chiral SPINOL-phosphoric acid is
examined using DFT (M06 and B3LYP) computations.
Cooperative participation of both catalysts is noticed in the
stereo-controlling transition state of the reaction.

Over the years, chemists have harnessed the catalytic potential of
transition metal catalysts' as well as organocatalysts.”> While the
independent use of these catalysts continues to flourish, efforts to put
together their complimentary attributes have witnessed a steady
growth.® This methodology, known as cooperative catalysis, holds
immense promise.* Impressive strides have been made in
asymmetric cooperative catalysis in the recent years.’

Dirhodium carboxylates have found widespread use in
cooperative catalysis.® Although carbenoids derived from dirhodium
carboxylates have been around for a while as a synthetic precursor,’
the significant recent developments engender renewed focus on its
chemistry.® Similarly, widely known C-N bond formation reactions
rely on carbene insertion into the N—H bond using dirhodium (1)
carboxylates.” Very recently, Zhou and coworkers demonstrated that
carbene insertion to fert-butyl carbamate (BocNH,) can offer o~
amino ester with enantioselectivities of the order of 95% (Scheme
1).! Here, o-diazo-o-phenylacetate 1 serves as the carbene
precursor whereas chiral source for asymmetric N-H insertion
emanates from spiro phosphoric acid (R)-SPA. Although the most
common genre of asymmetric catalysis using dirhodium carbenoids
employs chiral bridging ligands,'" it appears that the present reaction
relies on the cooperative/tandem catalysis offered by a chiral
Bronsted acid.
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Scheme 1. Asymmetric N—H insertion reaction catalyzed by dithodium (II)
tetra(trifluoroacetate) [Rh,(TFA)4] and chiral spiro phosphoric acid (R)-SPA
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In the experimental procedure, both  dirhodium(II)
tetra(trifluoro)acetate [Rhy(TFA)4] and SPINOL phosphoric acid
(R)-SPA (Spirolndanediol based phosphoric acid) are mixed in
chloroform. The reactants, namely, methyl a-diazo-a-phenylacetate
(1) and tert-butyl carbamate (2, BocNH,) is subsequently introduced
in one portion.10 Under such conditions, different combinations of
reactants and catalysts can be envisaged.'> Mechanistic studies on
such multi-catalytic reactions are seldom reported. Timely
mechanistic rationalization would help exploit the potential of such
multi-catalytic asymmetric methodologies. In continuation of our
interest in asymmetric catalysis,'”> we have employed M06 and
B3LYP density functional theory methods to probe the mechanism
of the title reaction between 1 and 2 in the presence of [Rhy(TFA),]
and (R)-SPA.' In particular, we intend to identify whether the action
of the two catalysts occurs in sequence (tandem) or simultaneous
(cooperative) in the catalytic cycle. These are significantly important
questions in light of the burgeoning activities in cooperative
catalysis.

The reaction can broadly be considered as proceeding through
steps shown in Scheme 2 involving (i) the activation and extrusion
of a molecule of nitrogen from the diazoester (1) leading to an
electrophilic dirhodium carbenoid intermediate (5), (ii) the C-N
bond formation between the carbenoid and tert-butyl carbamate (2),
(iii) enolization and release of an enol intermediate (7), and finally
(iv) enantioselective protonation of the enol intermediate leading to a
chiral a-amino ester as the product. The relative Gibbs free energies
of various stationary points involved in the formation of enol
intermediate (7) is provided in Scheme 2. Whereas the initial
interaction between the diazoacetate and dirhodium is generally
considered to involve a C-coordination (4), we note that the initial
coordination through the ester oxygen of the diazo ester (3),
followed by a change of coordination from O to C via the transition
state (3-4)t to a 1,3-dipolar intermediate (4) is energetically feasible.
In the next step, the activation of the diazo ester (1) and nitrogen
extrusion takes place through (4-5)1. The resulting exoergic
dirhodium carbenoid (5) occupies a central position in the
mechanistic course of this reaction. Interestingly, an equivalent
dirhodium carbenoid (5) has very recently been isolated.®

The electrophilic carbenoid 5 will now react with tert-butyl
carbamate (2) in the next step. The transition state (5-6)t is found to
be of low energy.”” The 1,3-dipolar intermediate 6(or 6, which
refers to the opposite configuration at the a-carbon) thus generated
can undergo either (i) a proton transfer from the amino- to the ester-
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group to provide an enol intermediate ((Z)-enol(7), (E)-enol(7"),
Scheme 3(a)) or (ii) a change of coordination of rhodium from the
carbenic carbon to the ester oxygen to give the generally proposed
dirhodium enolate ((Z)-enolate(8), (E)-enolate(8"), (Scheme 3(b)) or
(iii) a change in coordination of thodium from the carbenic carbon to
the carbonyl oxygen of the N-Boc group to give an ylide (9)
(Scheme 3(c)). All the key geometric arrangements arising due to
different configurations at the carbon atom bound to the rhodium as
well as around the enol(ate) double bond are examined so as to
identify the most preferred pathway for the generation of enol(ate)."®

It is noted that an intramolecular proton transfer via TS (6- 7)
leading to E-enol (7) is energetically the most preferred route. This
intramolecular protonation is accompanied by a concomitant
departure of the [Rhy(TFA),] by Rh—C bond breaking, providing a
free enol for the subsequent steps of the reaction (Scheme 3(a))."”
The TS for an alternative path, wherein (R)-SPA participates in a
relay proton transfer leading to a Z-enol (7'), is found to be more
than 10 kcal/mol higher in energy (Scheme 3, (6- 7)I and (6-7 )I) 18
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Scheme 2. Key steps in [Rhy(TFA),] catalyzed reaction between diazoacetate
and tert-butyl carbamate. The relative Gibbs free energies (kcal/mol) with
respect to the separated reactants provided in parenthesis computed at the
SMD (chioroformy M06//B3LY P/Lanl2DZ(Rh),6-31G** level of theory.

The most interesting feature emerging at this juncture is the
computed energetic advantage for the formation of an enol (7) over a
dirhodium enolate (8) and an ylide (9). Almost all mechanistic
studies thus far have proposed the involvement of either a dirhodium
enolate or an ylide as the key intermediate. We noticed that the TS
for the change of coordination from carbon to oxygen ((6- 8) or (6'-
8) ) which is responsible for the generation of dirhodium enolates
(8/8") are more than 24 kcal/mol higher in energy than that for the
enol formation via (6- 7) (Scheme 3(b)).'S The TS for the formation
of enols 7 and 7' are lower in energy respectively by 24.4 and 14
kcal/mol as compared to that leadmg to enolate 8. This is evident by
comparing the energies of (6- 7) and (6-7" ) with that of (6~ 8)
(Scheme 3). Equally important is to note that the TS for ylide
generation (6- 9) is 27.2 kcal/mol higher than that for enol (7)
formation (Scheme 3(c)). Additionally, the resulting dirhodium
enolates (8/8"), dithodium ylide (9-[Rhy(TFA),]) and free ylide (9)
all are of higher energy as compared to the free enol (7) as well as
the dirhodium-bound enol intermediates (7-*"[Rhy(TFA)4]).'®
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Table 1. The Computed Relative Gibbs Free Energies (in kcal/mol) for the
Key Intermediates and the Transition states

Entry Stationary Point AG1 AG2 AG3
1 3 0.6 1.0 2.6
2 (3-4)* 14.9 13.7 6.1
3 4 10.5 9.8 2.7
4 4-5)* 18.9 17.4 5.4
5 5 9.9 -10.6° -18.5
6 (5-6) 2.2 0.1 -15.7
7 6 -13.2 -14.9 -30.7
8 (6-7) -10.4 -11.9 -24.6
9 (6-8)* 6.7 6.4 2.0

The AG1 and AG2 respectively indicate the relative Gibbs free energies obtained in the
condensed phase (in chloroform solvent) at the B3LYPhiorotormyDGDZVP(Rh),6-
31G**(C,H,N,O,F) and at the B3LYP chioroformy/LanI2DZ(Rh),6-31G**(C,H,N,O,F) level
of theories. * single-point energy on the gas phase geometry. The AG3 indicates the
relative Gibbs free energies obtained by using the single-point energy calculations at the
SMD chioroformy M06/Lanl2DZ(Rh),6-31G**(C,H,N,O,F,P,Cl) level of theory on the
B3LYP/Lanl2DZ(Rh), 6-31G*(C,H,N,O,F) geometry in the gas phase.
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Scheme 3. Different transition states for enolization (7/7' or 8) and for the
generation ylide (9) from the 1,3-dipolar intermediate (6). The relative Gibbs
free energies (kcal/mol) provided in parenthesis computed at the
SMD chioroformy M06//B3LYP/Lanl2DZ(Rh),6-31G** level of theory.

The most important step in the reaction is the enantioselective
protonation of the a-carbon to furnish a chiral a-amino ester.
Depending on the proton source as well as the mode of protonation,
different scenarios can be envisaged (Scheme 3).!° The direct
intramolecular 1,2-proton transfer in the 1,3-dipolar intermediate 6
(or 6" can result in the final product 10. However, the TS for proton
transfer from the amino nitrogen to the a-carbon by both direct as
well as relay transfer by (R)-SPA are found to be respectively 39.2
and 25.0 kcal/mol hlgher as compared to the formation of the enol
intermediate via (6- 7) 2 In view of this situation, we have
considered number of additional possibilities for the stereoselective
protonation of the a-carbon of the enol (7 or 7') by chiral (R)-SPA.*!
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Fig 1. Stereocontrolling transition states involving double proton transfer to
(a) (E)-enol (7) or 7...[Rhy(TFA),, and (b) enolate (8/8') intermediates.
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As noted earlier the enol intermediate (7/7") or the dirhodium
enolate (8/8") can as well undergo stereoselective protonation to the
si and re prochiral faces to provide the final product (Fig 1). The
interaction of dirhodium acetate with all the electron rich sites of the
enol intermediate (7/7") and the corresponding protonation TS in
dirhodium-enol intermediates are considered (Fig 1(a)).'® The
relative energies of the important TS, provided in Table 2, indicate
that the lowest energy TS is the one when the dirhodium acetate is
bound to the carbonyl oxygen of the N-Boc group (7-10)1 (entry 2 in
Table 2, Fig 1(a)). Another mode wherein dirhodium acetate
interacts with the n-face of the f-aryl group of the enol is only 3.5
kcal/mol higher than (7-10)1.21 Most importantly, the protonation TS
either to the si or re prochiral face of the enol (7-10)t or (7-10')1,
with a bound dirhodium acetate, are about 7 kcal/mol lower as
compared to its absence (entries 2 and 1 in Table 2).*' This evidently
suggests a cooperative action of both dirhodium and (R)-SPA in the
stereo-controlling step of the reaction. Interestingly, the Gibbs free
energies of the TS for the enantioselective protonation of dirhodium
enolates (8/8") by (R)-SPA are, in general, higher by about 10
kcal/mol than in the corresponding enol-dirhodium pathway (entries
5 and 6 versus 2 in Table 2).2!

Table 2. Relative Gibbs Free Energies’ of the Stereocontrolling TSs
Involving Relay Proton Transfer by (R)-SPA

En Intermediate si-face re-face Pred?cted
try (7-10)* (7-10)* enantiomer
1 7 17.3(-33.1) | -12.4 (-27.8) R

2 70 Rhy(TFA), | -24.4(-56.9) | -17.0 (-49.4) R

3 7PhRhy(TFA); | -20.9 (-51.4) | -15.8 (-47.9) R

4 7N-"Rhy(TFA), 9.4 (-47.2) 2.7 (-47.1) S

5° 8 ((2)-enolate) 142 (-471) | -10.7 (-47.9) R

6° 8' (E)-enolate) | -12.1(-46.2) | -12.6 (-47.6) S

“ In kcal/mol, with respect to the separated reactants computed at the
SMD ¢chioroformy MO6/B3LYP/Lanl2DZ(Rh),6-31G** level of theory. The
relative electronic energies are in provided in parenthesis. The site of
coordination is emphasized by underline ” Corresponds to (8-10)1 and (8-
10%*. ¢ Corresponds to (8'-10)* and (8'-10")

To gain insights into the process of asymmetric induction, the TS
involving a stereoselective protonation of 70 'Rh,(TFA), by (R)-
SPA are analyzed both in the gas phase and in the condensed phase,
across different DFT functionals (Fig 2, Table 3).'* The one and only
chiral source, namely (R)-SPA, is found to remain closer to the
developing chiral carbon center enabling an effective transfer of
chirality. A double proton transfer is noticed wherein the phosphoric
acid donates its proton to the prochiral carbon at one end of
70 'Rh,y(TFA), while it abstracts the enol proton from the other end.
The efficiency of N-Hm and C-Hm weak nonbondin%
interactions,” denoted as a and b in the Fig 2, is higher in (7-10))
than in (7-10'))1.23 Similarly, the hydrogen bonding between the
dirhodium CF;3 groups and the binaphthyl C-H bonds (c to g)
exhibited improved interaction in (7-10))1 as compared to that in (7-
10'))i. The cooperative action of both catalysts is thus quite evident
in these stereocontrolling TS structures.

This journal is © The Royal Society of Chemistry 2014
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(710" (7109
MO6(sol) B3LYP-D(sol) B3LYP-D(sol)* MOG(sol) B3LYP-D(sol) B3LYP-D(sol)*
a 241 249 253 259 252 269
b 269 260 267 264 269 2567
c 268 262 352 296 324 337
d 269 271 266 338 365 361
e 286 274 4.8 206 277 297
f 300 274 331 307 279 326
g 28 246 333 296 274 2582
hoo- - - 300 304 3.09

* the distances in red are calculated by using DGDZVP basis set for all the atoms

Fig 2. The stereocontrolling transition state geometries for the
enantioselective  protonation of the a-carbon of the enol
(7--"[Rhy(TFA)4]) by (R)-SPA optimized at
MO6(chioroformy/Lanl2DZ(Rh),6-31G** level of theory. Distances (a to h)
are in A. Only selected C, H, and F are shown.

Table 3. Relative Gibbs Free Energies (in kcal/mol) of the Stereocontrolling
transition states Involving a Relay Proton Transfer by (R)-SPA optimized
using different DFT functionals

si-face (AG re-face (AAG

Entry Level of Theory (7_10()1 ) (7_13,)1 )
12 MO6 gas) 0.0 6.0
2 B3LYP-Dgas) 0.0 95
3 MOB e 0.0 2.6
4 B3LYP-Dye) 0.0 8.1
557 B3LYPso) 0.0 3.0
6° B3LYP-D(sol) 0.0 6.3

“Lan]2DZ for Rh and 6-31G** for rest of the atoms. "DGDZVP for Rh
and 6-31G** for the rest of atoms. * DGDZVP for all atoms.

In conclusion, the cooperative catalytic action of [Rhy(TFA),] and
(R)-SPA is established in the enantioselective protonation of the
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amino enol intermediate. The predicted enantioselectivity is in good
agreement with the experimentally known values.
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A full set of possibilities is provided in Table S2 in the ESI.
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For details of these TSs, see Figures S6 and S7 in the ESI.

The p(bcp) obtained using the AIM formalism provides
additional support. See Table S3 in the ESI.
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‘Boc C-H-*O(P=0) keep the ‘Boc closer to the center of the
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