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ABSTRACT: Incorporation reactions of carbon dioxide
(CO,) with N-Boc-a-amido and a-acetoxy stannanes were
developed using CsF as a mild tin activator. Monoprotected a-
amido stannanes could be used, and the corresponding
arylglycine derivatives were obtained in moderate-to-high
yields under 1 MPa (10 atm) of CO, pressure. a-Acetoxy
stannanes also underwent carboxylation to afford mandelic
acid derivatives in excellent yields under ambient CO,
pressure. Both transformations enabled the synthesis of a-
tertiary and a-quaternary carboxylic acid derivatives. In
addition, the chirality of (S)-N-tert-butylsulfonyl-a-amido
stannanes was transferred with up to 90% inversion of
configuration at 100 °C.

B INTRODUCTION

a-Amino and a-hydroxy acid derivatives comprise an important
class of molecules exhibiting various functions in both
biochemistry and organic chemistry. In particular, the
arylglycine class of nonproteogenic a-amino acids has recently
received much attention because novel glycopeptide antibiotics
such as vancomycin' contain arylglycine components in their
structure. a-Hydroxy acid derivatives, e.g., mandelic acid, are
used widely in cosmetics for skin care and as useful building
blocks in organic synthesis.” Therefore, the development of an
efficient process for their syntheses is an important goal in
organic chemistry. One such synthetic strategy is carboxylation
of an amine or alcohol derivative with CO, at the a-position of
nitrogen and oxygen atoms; this route for generating @-amino
and a-hydroxy acid derivatives would be more straightforward
than existing methodologies' > and, by using CO,, would take
advantage of an ubiquitous, inexpensive, nontoxic, and
renewable C1 source.

Although considerable progress in the development of CO,
fixation techniques has been made,* carboxylations of sp®
carbon located at the a-position of heteroatoms have required
the use of strongly basic organolithium reagents (e.g,, n- or sec-
BuLi with or without a ligand), which undergo either (a)
deprotonation® or (b) Sn—Li exchange of a-stannanes®” to
generate a lithium carbanion, followed by carboxylation to
provide a-amino and a-hydroxy acid derivatives. Therefore,
these transformations require substrates without an acidic
proton and must be operated under strictly anhydrous
conditions in order to induce efficient carboxylation. In the
context of amino acid synthesis, monoprotected a-amino acids,
especially N-Boc derivatives, are more useful than bis-protected
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CsF (3 equiv)

)N\HBoc o R CO, (0.1-1MPa)  TMSCHN, X
R™ “SnBuz R~ “SnBuz DMF, 60-100 °C R™ “CO,Me
R = aryl, heteroaryl, alkenyl up to 89% yield
X = NHBoc, OAc
O\\S/'O CsF (3 equiv) O\\Sf’
Sey, S equiv, P
HN t-Bu Coz (1 MPa) TMSCHNZ H,:\l StBu
(S)SMBU3 triglyme, 100 °C /©/(\9\)002Me
Y invertive chirality transfer Y
>99% ee Y =CI,F, H,Me
72-90% ee

ones, because conventional peptide synthesis generally employs
N-Boc- or N-Fmoc-amido acid derivatives due to the ease of
protection and deprotection sequences (e.g.,, Merrifield peptide
synthesis®). However, if n-BuLi is employed for monoprotected
N-Boc-a-amido stannane la in Sn—Li exchange reactions,
deprotonation of the acidic amide N—H initially occurs to
generate an amido anion; this species does not undergo further
Sn—Li exchange to generate a 1,2-dianion, presumably owing to
either a high kinetic barrier or the intrinsic thermodynamic
instability of the resulting 1,2-dianion (Scheme 1).” Thus, we

Scheme 1. Unfavorable 1,2-Dianion Formation

Ot-Bu
HN-BOC  n-BuLi NJ@O n-BuLi; é o-Boe
Ph)\SnBua Ph” SnBus Ph) ©
1a 1,2-dianion

mono-protection

considered the use of a milder base that would selectively
activate tin atoms, and we have already reported that CsF is a
suitable activator for 1a, promoting carboxylation with CO, to
afford the corresponding arylglycine derivatives in high yields
under 1 MPa (10 atm) of CO,."® Taking advantage of the easy
accessibility of monoprotected @-amido stannanes from imine
equivalents,"”'> a novel one-pot process for a-amino acid
synthesis from imine precursors using TMS-SnBu; and CsF
was developed.10 In this article, we report the substituent effects
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Table 1. Reactivities of p-Substituted a-Aryl Amido Stannanes

o SE oG
=10atm)  TMSCHN, NHBoc NHBoc
SnBug )\ +
« DMF Et;O/MeOH Ar” “CO,Me A,
o]
1 100°C, 3 h 2 3
yield (%)“
19Sn NMR
entry R Hammett o (ppm) 2 3 1
1 H (1a) 0.00 —26.4 95 (83) <1 -
2 CF, (1b) 0.53 202 <1 >99 -
3 CO,Me (1c) 045 —21.5 53 43 -
4 Cl (1d) 022 —24.6 81 12 -
s F (1e) 0.06 -26.3 88 6 -
Usn-r = 21.9 Hz)
6 Me (1f) —0.14 282 42 <1 43
7 OMe (1g) -0.28 —292 15 <1 67

“Yields were determined by "H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard. The values in parentheses represent isolated

yield.

on the aromatic ring of a-aryl a-amido stannanes as well as
expansion of the substrate scope that includes a ketoimine-
derived a-amido stannane and @-acetoxy stannanes. Results of
chirality transfer transformations using chiral a-amido
stannanes are also presented.

B RESULTS AND DISCUSSION

Carboxylation of N-Boc-a-Amido Stannanes. First,
various para-substituted a-aryl a-amido stannanes bearing
both electron-donating and -withdrawing groups were synthe-
sized using methods described in our recent report;'' these
were then applied to carboxylation under 1 MPa (10 atm) of
CO, pressure at 100 °C in the presence of 3 equiv of CsF. This
process yielded a mixture of the desired carboxylate, 2, the yield
of which was determined after esterification with TMSCHN,,
and protiodestannylation product 3 (Table 1). All of the
substrates except 1b underwent carboxylation; however, the
yield of 2 depended on the electronic character of the
substituent of the aromatic ring. Interestingly, Hammett o-
values' are useful in the prediction of each yield. When using
electron-deficient substrates with positive o-values such as those
bearing trifluoromethyl, methoxy carbonyl, chloro, and fluoro
substituents on their aromatic ring (1b—1e), the yield of 3
increased in response to Hammett o-values, presumably
because proton transfer from the amide N—H moiety was
allowed to proceed.'® In contrast, the reaction of electron-rich
substrates with negative o-values such as those having methoxy
and methyl groups (1f and 1g) reduced the yield of 2 owing to
incomplete reaction of a-amido stannane 1. In addition, '**Sn
NMR analysis of a@-amido stannanes 1 in C4Dg correlated
perfectly with Hammett o-values (the chemical shift of tin
atoms are moved to upfield in response to the increased
electron density of aromatic rings) and are thus consistent with
the trend outlined above. In addition, the NMR spectra of 1le
having a p-fluoro-phenyl group revealed nuclear coupling
between ”Sn and “F (Jo,_r = 21.9 Hz). Based on the
correlation between Hammett o-values and the yield of each
component, substrates with o-values close to zero such as la
and le provide the highest yields of carboxylation products.
Carboxylations using these two a-amido stannanes prevented
the generation of 3 at a maximum level without unreacted 1
remaining.
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In order to obtain quantitative data on the reaction rates, the
ratio of conversion (2 + 3/2a + 3a)'* at an early time point (15
min: <40% conversion) was used to approximate ky/ky (X =
Cl, F, Me, OMe). Plotting log(kx/ky;) versus Hammett o-values
indeed revealed a linear relationship with p = +1.83 (Figure 1),
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Figure 1. Hammett relationship between o-values and log(ky/ky).

indicating that anion formation'”' is the rate-determining step

and the negative charge at the benzylic position is stabilized by
n-electrons of the aryl group in the transition state (Figure 1).

Further studies of various a-amido stannanes with
considerable electron density within the aromatic ring revealed
that sterically demanding ortho-substituted a-aryl a-amido
stannanes (1h and 1i) and @- and f-naphthyl amido stannanes
(1j and 1k) were tolerated in this carboxylation yielding 2
together with trace amounts of protiodestannylation product 3
(<1%) (Table 2). In addition to heteroaromatic substrates (11—
1n), cyclic substrates (lo—1p) were also active in this process.
Finally, considering the synthetic advantage of using this
fluoride-mediated carboxylation, we attempted to prepare a-
quaternary arylglycines. Under identical conditions (100 °C, 3
h), racemic a-amido stannane 1q derived from N-sulfonyl
ketoimine'® was carboxylated to give a-disubstituted glycine
derivative 2q in moderate yield. There was a small difference
between 'H NMR and isolated yields for all compounds,
indicating that some material loss occurred during the
purification process by 10% K,CO;/silica gel column
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Table 2. Further Substrate Scope

CsF (3 equiv)
CO, (1 MP:
NHBoc =19 gtm) ?  TMSCHN, NHBoc
R™ “SnBu; DMF Et;0O/MeOH R™ “CO,Me
100°C,3h
1 2
entry substrate yield of 2 (%)”
1 R = 0-OMe-C¢H,4 (1h) 100 (85)
2 R =0-F-C¢H, 1) 9174
3 R = 1-naphthyl (1j) 84(83)
4 R = 2-naphthyl (1k) 86(78)
5 R =2-furyl an 65 (60)
6° R = 2-benzofuranyl (Im) 74 (70)
7 R = 2-thienyl (Im) 85(89)
8 (1o) 83(78)
NBoc
SnBu3
b
9 NBoc (1p) 81(84)
SnBug
104 Q0 (1q) 42 (36)
HN"" > t-Bu
Me
SnBn3
(racemic)

“Yields were determined by 'H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. The values in parentheses
represent isolated yield. bThe reaction was performed at 120 °C. “15%
of 3m was observed. “17% of 3q and 24% of acetophenone were
observed.

chromatography'” followed by preparative TLC in order to
remove organotin residues and 3.

Carboxylation of a-Acetoxy Stannanes. Next, we turned
our attention to examine carboxylations of a-alkoxy stannanes 6
with CO,. To our knowledge, there have been no reports on a
general carboxylation of a-alkoxy stannanes with CO,
promoted by a fluoride ion. First, several a-hydroxy stannanes
having different protecting groups (PGs) were prepared from
benzaldehyde®™'® and subjected to carboxylation (Table 3).
Among potential candidates such as acetyl, ethyl carbonyl,
MOM, and TMS, the use of acetyl protection was most
effective, giving high conversion even at 60 °C within 3 h.
Protection other than that with the TMS group is necessary;
under the conditions examined, retro-stannylation occurs,
affording benzaldehyde starting material exclusively. On the
other hand, the a-oxygenated stannanes have no acidic protons,
and the proton transfer reaction, which produces a
protiodestannylation product, cannot proceed. Higher pressure
was therefore not required to achieve the desired carbox-

ylation," giving 7 even under ambient CO, pressure using a gas
balloon (1 atm).

Having decided on an optimal protecting group, various a-
acetoxy stannanes 6 were prepared and tested in the fluoride-
mediated carboxylation process (Table 4). High yields were
achieved for all substrates with the exception of 2-furyl a-
acetoxy stannane 6j. Product yields were not influenced by the
electronic character of substituents on the aromatic ring
because carboxylation is only allowed to proceed in the
absence of a proton source, a trend which is different from that
of the carboxylation of N-Boc-a-amido stannanes 1. As for
electronically more deficient substrates (entries 1—4), a lower
temperature (60 °C) was sufficient to achieve complete
conversion. In addition to a-aryl substrates (entries 1—11), a-
alkenyl and cyclic substrates were also active in this process
(entries 12 and 13). It is notable that acetophenone-derived a-
disubstituted a-alkoxy stannane also underwent smooth
carboxylation (entry 14).

In order to demonstrate the synthetic utility of this process,
we developed a one-pot protocol for the synthesis of acetyl
mandelic acid 7aa’ from benzaldehyde that does not require the
isolation of @-acetoxy stannane intermediate 6aa (Scheme 2).
The stannylation in the first step could be mediated by the
combination of CsF and TMS-SnBu, in CH;CN.'" After 3 h,
simple solvent exchange was carried out by means of
evaporation of CH;CN and other volatile materials followed
by introduction of DMF. Additional CsF was then added under
CO, gas to promote the following carboxylation at 100 °C,
affording the desired carboxylic acid, which was converted into
its stable t-BuNH, salt. After the fine solids had been washed
using hexane to completely remove organotin residues,
carboxylic acid 7aa’ was obtained in 52% yield by treatment
with acid.

Chirality Transfer System. For the purpose of preparing
chiral @-amino or a-hydroxy acids using this carboxylation, we
then evaluated the extent of chirality transfer when starting
from optically active substrates. According to the reported
asymmetric syntheses, several potential chiral substrates were
prepared. Unfortunately, carboxylations of (S)-1a'* (47% ee),
(S)-N-Boc-N-(p-methoxyphenyl)-a-(tributylstannyl)-
benzylamine (1r°°) (84% ee), and (S)-6aa"*" (95% ee) in DMF
gave only racemic products (Scheme 3).

By contrast, the use of (S)-N-tert-butylsulfonyl-a-amido
stannane 8a (>99% ee), which was prepared according to the
procedure reported by Chong,'*" afforded product with an ee
of 47% in DMF (Table 5).”° After the screening of several
solvents such as DMSO, toluene, 1,4-dioxane, DME, diglyme,
and triglyme (triethylene glycol dimethyl ether), triglyme was
found to be superior, affording the corresponding a-amino acid

Table 3. Investigation of Protecting Groups (PGs) of Alcohols

OPG  CsF (3equiv) OPG
CO; (balloon) TMSCHN,
Ph” “SnBus S Eqomeon P COzMe
6a 7a
tem time yield

entry PG (°Cc (h) (%)*

1 Ac (6aa) 60 3 93

2 C(O)Et (6ab) 60 6 84

3 MOM (6ac) 100 8 66

4 TMS (6ad) 100 1 -

“Yields were determined by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard.
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Table 4. Carboxylation of a-Acetoxy Stannanes

OAc CsF (3 equiv) OAc
CO; (balloon) TMSCHN,
R™ "SnBus e E,OMeoH 1 COMe
7
entry substrate temp (°C)  time (h) yield (%)°
1 R =p-CF;-C¢H, (6b) 60 1 87 (79)
2 R =p-CI-C¢H,4 (6¢) 60 1 93 (81)
3 R =p-F-C¢H,4 (6d) 60 2 89 (80)
4 R=Ph (6aa) 60 3 93 (84)
5 R = 0-Me-C¢H,4 (6e) 100 3 90 (82)
6 R =p-Me-C¢H,4 (6f) 100 3 86 (78)
7 R = 0-OMe-C¢H, (6g) 100 3 95 (84)
8 R = 1-naphthyl (6h) 60 3 93 (85)
9 R = 2-naphthyl (6i) 60 3 94 (82)
10 R = 2-furyl (6j) 100 3 55 (49)
11 R = 2-thienyl (6k) 100 1 79 (71)
12 OAc (61 100 1 93 (82)
A SnBuj
13 (6m) 120 4 80 (73)
o}
SnBuj
14 OA:n (6n) 100 3 91 (83)
SnBeU3

“Yields were determined by "H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard. The values in parentheses represent isolated

yield.

Scheme 2. One-Pot Synthesis of Acetyl Mandelic Acid 7aa’
from Benzaldehyde and CO,

TMSSnBuj; (2 equiv) .

0 CsF (3 equiv) OAC CsF (2 equiv)
)l\ Ac0 (3 equiv) CO;, (balloon)
Ph™ “H CH4CN,60°C,3h | Ph™ "SnBus| pmF, 100°C, 1h

6aa
g OAc OAc
t-BuNH, 1 e 1 M HCI
Ph™ "CO, H3Nt-Bu Ph™ "COzH
7aa'
52% yield

Scheme 3. Various Potential Substrates for Chirality
Transfer Reactions

R\N,Boc CsF (3 equiv) R.y-Boc
CO; (1 MPa) TMSCHN,

Ph’s)S"BUs bvF, 100°C,3h  EoMeoH T COMe
R=H (1a) (47% ee) 2% ee (95%)
R = PMP (1r) (84% ee) 2% ee (80%)
PMP = p-methoxyphenyl

A CsF (3 equiv) A
¢ Co,(balloon)  TMSCHN, }O\c
Ph (S) SnBu3 DMF, 60 °C, 3 h Et20/MeOH Ph COzMe
6aa (95% ee) 1% ee (93%)

in 85% ee with inversion of the stereogenic center (entries 1—
7).5b12b Although the reaction caused erosion of the
enantioselectivity to some degree, it is notable that chirality
could be maintained at 100 °C, indicating that the
carboxylation of N-sulfonyl-ar-amido stannane does not proceed
via a carbanion intermediate. When TBAT (tetrabutylammo-

nium triphenyldifluorosilicate) was used as a fluoride source

2162

instead of CsF, chirality was maintained in 66% ee, albeit with
decreased yield (entry 8). Other substitutions on the aromatic
ring were screened, and it was revealed that an electron-
deficient substituent such as fluoride or chloride slightly
enhanced the racemization and protiodestannylation (entries
9 and 10). On the other hand, chirality was maintained in 90%
ee when using a-tolyl amido stannane 8d (entry 11). Although
the mechanism for inversion of stereochemistry is not clear at
this stage, we propose that carboxylation proceeds through a
hypercoordinated fluorostannate and that a transition state such
as structure 11 might be involved in the invertive carboxylation,
where CO, undergoes back-side attack by fluorostannate
(Figure 2). Electron-deficient substituents such as fluoride
and chloride might result in the generation of small quantities
of the dissociated benzylic anion, leading to a decrease in
enantioselectivity and an increase in protiodestannylation. On
the other hand, electron-donating tolyl substitution might
suppress the formation of the benzylic anion, instead
maintaining the coordinated stannane, leading to the higher
level of chirality transfer. As discussed in Table 1, *°Sn NMR
spectroscopy of 8 in C4Dg also supported the order of electron
density of substrates. These results would open a new window
for the enantioselective synthesis of arylglycines from CO, and
imines.

B CONCLUSION

We have developed novel carboxylation reactions of monop-
rotected N-Boc-a-amido stannanes and a-acetoxy stannanes
using CO, as a C1 source. Both transformations enabled the
synthesis of a-tertiary and a-quaternary carboxylic acid
derivatives. In addition, chiral N-sulfonyl substrates underwent
carboxylation with inversion of the stereogenic center providing
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Table S. Chirality Transfer Reactions

\/

HN’S\t-Bu CsF (3 equiv)

CO, (1 MPa) TMSCHN,

\// Y

Ar (S)SnBu3 100°C, 3 h

8 (>99% ee)
llgsn
NMR
entry Ar (ppm)
1 Ph (8a) -36
2 Ph
3¢ Ph
4 Ph
54 Ph
6 Ph
7 Ph
8¢ Ph
9 p-F-CH, (8b) —36
(]Sn—F =
17.6 Hz)
10 p-CL-C4H, (8¢) -19
11 p-Me-CH, (8d) —61

A\
Et;0/MeOH Ar”(5)COMe

HU’S\t-Bu HN’S\t-Bu
* Ar
9 10

yield ee

solvent (%) (%)
DMF 67 (<1) 47
DMSO 45 (10) 31
toluene 13 (4) 80
1,4-dioxane 47 (3) 75
DME 85 (7) 74
diglyme 71 (8) 79
triglyme 69 (7) 85
triglyme 40 (7) 66
triglyme 50 (10) 80
triglyme 70 (14) 72
triglyme 32 (5) 90

“Yields were determined by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard. The values in parentheses represent the yield
of protiodestannylation product 10. “Ee’s were determined by chiral HPLC analysis. “39% of 8a remained. “The reaction was performed at 80 °C.
“TBAT (tetrabutylammonium triphenyldifluorosilicate) was used instead of CsF.

Figure 2. Proposed transition state in carboxylation of 8 for invertive
chirality transfer.

products with up to 90% ee. Examination of catalytic
enantioselective synthesis of arylglycine derivatives from CO,
as well as a-amino metal reagents other than stannanes are both
currently underway.

B EXPERIMENTAL SECTION

General. NMR spectra were recorded on a 500 MHz (‘H), 125
MHz (3C), or 160 MHz ('“Sn) spectrometer. Chemical shifts in
CDCl; were reported in the scale relative to CHCl, (7.26 ppm) for 'H
NMR and to CDCl, (77.0 ppm) for *C NMR as internal references.
9Sn NMR was measured in C¢D4 using SnMe, (0 ppm) as an
internal reference. Column chromatography was performed with
neutral silica gel (40—50 pm). In general, all manipulations were
performed under an argon atmosphere unless otherwise stated. Dry
solvents were purified under argon using a solvent purification system
(THF, Et,0, toluene, DMF, and MeCN). Triglyme was distilled from
CaH. Caution! TMSCHN, is potentially explosive, especially when
CH,N, is generated after a long time in storage.

Synthesis of a-Amido Stannanes. N—Boc-a—amido stannanes
(la—1n) were prepared according to reported methods.'' N-Boc-a-
amido stannanes (lo—1lp) were prepared according to a reported
method.*® rac-N-(tert-Butylsulfonyl)-a-amido stannane (1q) was
prepared according to the modified procedure of a re orted one'?®
(reaction of LiSnBu, with N-tert-butylsulfoyl ketoimine'® at —78 °C).
Chiral 1r was prepared following the reported method.*® N-Boc-a-
amido stannanes (1a, lc, 1d, 1g, 1h, 1j, 1k, 11, and 1n) are known
compounds."!

N-(tert-Butoxycarbonyl)-a-(tributylstannyl)-4-trifluorome-
thylbenzylamine (1b). Colorless oil; IR (neat): 3416, 2957, 2872,
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1699, 1503, 1417, 1367, 1265, 1165, 1067 cm™'; 'TH NMR (500 MHz,
CDCly): 6 = 7.48 (d, ] = 8.3 Hz, 2H), 7.10 (d, ] = 8.3 Hz, 2H), 5.18
(d, J = 5.0 Hz, 1H), 4.24 (d, ] = 5.0 Hz, 1H), 1.47 (s, 9H), 1.39—1.33
(m, 6H), 1.26—1.19 (m, 6H), 0.87—0.80 (m, 1SH) ppm; *C NMR
(125 MHz, CDCly): § = 157.2, 1504, 126.6 (q, Jcp = 32.2 Hz), 125.5,
124.6 (q, Jor = 270.3 Hz), 124.1,79.8, 45.7, 29.0, 28.5,27.5, 13.8, 11.3
ppm. HRMS (ESI): m/z caled for C,H;F;0,NSn [M—Bu]":
508.1480. Found: 508.1476.

N-(tert-Butoxycarbonyl)-a-(tributylstannyl)-4-fluorobenzyl-
amine (1e). Colorless oil; IR (neat): 3415, 2956, 2871, 1700, 1603,
1506, 1416, 1334, 1229, 1150 cm™"; 'TH NMR (500 MHz, CDCL,): § =
6.99—6.92 (m, 4H), 5.14 (d, ] = 5.0 Hz, 1H), 4.14 (d, ] = 5.0 Hz, 1H),
1.46 (s, 9H), 1.42—1.35 (m, 6H), 1.28—1.20 (m, 6H), 0.87—0.77 (m,
15H) ppm; C NMR (125 MHz, CDCL): § = 160.3 (d, Jcr = 239.6
Hz), 156.9, 141.4 (d, Jcr = 3.6 Hz), 125.5 (d, Jcr = 8.4 Hz), 115.1 (d,
Jor = 20.3 Hz), 79.4, 44.8, 28.9, 28.4, 27.4, 13.7, 10.9 ppm. HRMS
(ESI): m/z caled for C,gH33FO,NSn [M — Bu]*: 458.1512. Found:
458.1507.

N-(tert-Butoxycarbonyl)-a-(tributylstannyl)-4-methylbenzyl-
amine (1f). Colorless oil; IR (neat): 3379, 2955, 2871, 1670, 1611,
1509, 1417, 1336, 1248, 1169 cm™; 'TH NMR (500 MHz, CDCL,): § =
7.04 (d, J = 8.3 Hz, 2H), 691 (d, ] = 8.3 Hz, 2H), 5.12 (d, J = 5.0 Hz,
1H), 4.16 (d, ] = 5.0 Hz, 1H), 2.29 (s, 3H), 1.45 (s, 9H), 1.41-1.30
(m, 6H), 1.27-1.19 (m. 6H), 0.86—0.72 (m, 1SH) ppm; *C NMR
(125 MHz, CDCl,): § = 156.8, 142.4, 133.8, 129.0, 124.3, 79.1, 45.4,
28.9, 28.4, 27.4, 20.9, 13.7, 10.9 ppm. HRMS (ESI): m/z calcd for
C,1H3O,NSn [M — Bu]*: 454.1763. Found: 454.1759.

N-(tert-Butoxycarbonyl)-a-(tributylstannyl)-2-fluorobenzyl-
amine (1i). Colorless oil; IR (neat): 3416, 2956, 2853, 1699, 1505,
1418, 1366, 1226, 1141, 1036 cm™"; 'TH NMR (500 MHz, CDCl,): § =
7.13=7.09 (m, 1H), 7.06—7.01 (m, 2H), 6.97—6.93 (m, 1H), 5.10 (d, J
= 6.3 Hz, 1H), 4.54 (d, ] = 6.3 Hz, 1H), 145 (s, 9H), 1.42—1.34 (m,
6H), 1.30—1.20 (m, 6H), 0.88—0.77 (m, 15H) ppm; *C NMR (125
MHz, CDCL): § = 158.7 (d, Jcr = 240.9 Hz), 1564, 132.5 (d, Jor =
13.1 Hz), 126.3 (d, Jor = 4.8 Hz), 125.8 (d, Jog = 7.1 Hz), 124.2 (d, Jr
= 3.6 Hz), 115.0 (d, Jop = 21.5 Hz), 79.3, 39.2, 28.8, 28.4, 27.4, 13.7,
10.6 ppm. HRMS (ESI): m/z caled for C,)H33;FO,NSn [M — Bu]*:
458.1512. Found: 458.1509.

N-tert-Butyl (Benzofuran-2-yl(tributylstannyl)methyl)-
carbamate (1m). Colorless oil; IR (neat): 3392, 2956, 2871, 1702,
1499, 1418, 1366, 1251, 1167, 1075 cm™; 'H NMR (500 MHz,
CDCLy): 6 = 742 (, ] = 4.5 Hz, 1H), 7.33 (t, ] = 4.5 Hz, 1H), 7.15—
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7.13 (m, 2H), 6.23 (s, 1H), 5.10 (d, ] = 6.0 Hz, 1H), 4.50 (d, ] = 6.0
Hz, 1H), 1.47 (s, 9H), 1.45—1.42 (m, 6H), 1.28—1.21 (m, 6H), 0.94—
0.82 (m, 15H) ppm; *C NMR (125 MHz, CDCL,): § = 161.5, 156.0,
154.4, 129.3, 122.5, 122.4, 119.8, 110.4, 98.2, 79.6, 39.2, 28.8, 28.4,
27.4,13.6, 11.1 ppm; HRMS (ESI): m/z calcd for C,qH,,O;NSn [M +
H]*: 538.2343. Found: 538.2331.

N-tert-Butyl 1-(Tributylstannyl)-3,4-dihydroisoquinoline-
2(1H)-carboxylate (10). Colorless oil; IR (neat): 2956, 2871,
1690, 1603, 1456, 1364, 1294, 1234, 1173, 1039 cm™"; '"H NMR (500
MHz, CDCL,): § = 7.09—6.86 (m, 3H), 6.85 (6.81 for rotamer) (d, ] =
7.5 Hz, 1H), 5.32 (5.27) (s, 1H), 4.29—4.26 (3.85—3.30) (m, 1H),
3.35-3.30 (2.93—2.89) (m, 1H), 3.01-2.94 (2.73—2.66) (m, 2H),
1.50 (1.48) (s, 9H), 1.40—1.34 (m, 6H), 1.28—1.19 (m, 6H), 0.86—
0.76 (m, 15H) ppm; *C NMR (125 MHz, CDCL,): § = 153.7 (153.4),
139.9 (139.5), 131.5 (131.4), 128.9 (128.1), 126.3 (126.2), 123.94
(123.87), 123.7 (123.6), 79.8 (79.1), 49.8 (49.5), 41.9. 40.8, 28.90
(28.85), 28.6 (28.5), 27.44 (27.38), 13.59 (13.57), 10.5 (10.3) ppm.
HRMS (ESI): m/z caled for C,,H3;s0,NSn [M — Bu]*: 466.1768.
Found: 466.1766.

N-tert-Butyl 1-(Tributylstannyl)isoindoline-2-carboxylate
(1p). Colorless oil; IR (neat): 2956, 2853, 1688, 1463, 1365, 1257,
1220, 1119, 1023, 879 cm™; "H NMR (500 MHz, CDCL,): § = 7.20—
7.06 (m, 3H), 7.00 (6.95 for rotamer) (d, J = 7.3 Hz, 1H), 5.10 (5.02)
(s, 1H), 4.97 (4.81) (d, ] = 14.9 Hz, 1H), 4.54 (4.47) (d, ] = 149 Hz,
1H), 1.52 (1.50) (s, 9H), 1.43—1.36 (m, 6H), 1.28—1.20 (m, 6H),
0.90—0.83 (m, 15H) ppm; C NMR (125 MHz, CDCL;): § = 153.5
(153.2), 143.4 (143.1), 1349 (134.4), 127.1 (127.0), 124.9 (124.8),
122.5 (122.3), 120.9 (120.1), 79.8 (79.0), 55.2 (55.1), 52.4 (52.1),
28.90 (28.86), 28.63 (28.56), 27.44 (27.38), 13.7 (13.6), 10.3 (10.1)
ppm. HRMS (ESI): m/z caled for C,HyO,NSn [M — Bul":
452.1606. Found: 452.1602.

N-(1-Tributylstannyl-1-methylbenzyl)-tert-butanesulfona-
mide (1q). Pale yellow oil; IR (neat): 3267, 2955, 1597, 1493, 1375,
1293, 1129, 1080, 1023, 939 cm™; 'H NMR (500 MHz, CDCL,): 6 =
7.31 (d, ] = 4.0 Hz, 4H), 7.13=7.11 (m, 1H), 3.99 (s, 1H), 1.92 (s,
3H), 1.44 (s, 9H), 1.38—1.19 (m, 12H), 0.90—0.77 (m, 15H) ppm;
BC NMR (125 MHz, CDCL,): § = 148.5, 128.4, 125.0, 124.4, 59.7,
55.2, 28.8, 27.5, 262, 24.5, 13.6, 11.2 ppm. HRMS (ESI): m/z caled
for C,,H,sO,NSSnNa [M + Na]*: 554.2091. Found: 554.2079.

Synthesis of a-Acetoxy Stannanes. a-Acetoxy stannanes g6aa
and 6b—6l) were prepared according to a reported method.® a-
Acetoxy stannane 6m was prepared according to a reported method.*
a-Acetoxy stannane 6n was pre]i)ared by the reaction of LiSnBu; and
acetophenone at —78 °C. 6aa, ¢ 6b,'* 6e,'* and 6j°' are known
compounds.

4-Chlorophenyl(tributylstannyl)methyl Acetate (6c). Color-
less oil; IR (neat): 2956, 2926, 2871, 2853, 1726, 1594, 1489, 1370,
1246, 1091 cm™; 'H NMR (500 MHz, CDCL,): 6 = 7.25 (d, ] = 7.3
Hz, 2H), 7.04 (d, ] = 7.3 Hz, 2H), 5.87 (s, 1H), 2.14 (s, 3H), 1.43—
1.37 (m, 6H), 1.28—1.21 (m, 6H), 0.88—0.82 (m, 1SH) ppm; *C
NMR (125 MHz, CDCL): § = 170.8, 139.6, 134.6, 129.0, 123.9, 734,
28.8, 27.3, 21.0, 13.6, 9.9 ppm. HRMS (EI): m/z caled for
C,,H,4ClO,Sn [M — Bu']: 417.0643 Found: 417.0632.

4-Fluorophenyl(tributylstannyl)methyl Acetate (6d). Color-
less oil; IR (neat): 2956, 2926, 2871, 2853, 1725, 1604, 1508, 1418,
1370, 1227 cm™; '"H NMR (400 MHz, CDCL): § = 7.09—6.96 (m,
4H), 5.86 (s, 1H), 2.13 (s, 3H), 1.43—1.35 (m, 6H), 1.28—1.19 (m,
6H), 0.89—0.80 (m, 15H) ppm; *C NMR (125 MHz, CDCL,): § =
170.8, 160.6 (d, Jcg = 242.0 Hz), 138.6 (d, Jcr = 3.6 Hz), 125.3 (d, Jcr
= 7.3 Hz), 1152 (d, Jor = 21.4 Hz), 72.7, 28.8, 27.3, 21.0, 13.6, 9.9
ppm. HRMS (EI): m/z caled for C;,H,sFO,Sn [M — Bu']: 401.0939.
Found: 401.0939.

4-Tolyl(tributylstannyl)methyl Acetate (6f). Colorless oil; IR
(neat): 2956, 2925, 2871, 2853, 1723, 1512, 1463, 1369, 1339, 1250
cm™; "H NMR (500 MHz, CDCl,): 6 = 7.08 (d, ] = 8.0 Hz, 2H), 7.00
(d, J = 8.0 Hz, 2H), 5.86 (s, 1H), 2.30 (s, 3H), 2.12 (s, 3H), 1.42—1.36
(m, 6H), 1.27—1.20 (m, 6H), 0.86—0.80 (m, 1SH) ppm; *C NMR
(125 MHz, CDCl,): § = 170.8, 139.6, 134.6, 129.0, 123.9, 73.4, 28.8,
27.3,21.0, 13.6, 9.9 ppm. HRMS (EI): m/z caled for C;sH,90,5n [M
— Bu*]: 397.1190. Found: 397.1186.
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2-Methoxyphenyl(tributylstannyl)methyl Acetate (6g). Col-
orless oil; IR (neat): 2955, 2928, 2870, 2853, 1726, 1599, 1585, 1490,
1370, 1332 cm™}; "H NMR (500 MHz, CDCL,): 6 = 7.27 (d, J = 7.1
Hz, 1H), 7.10 (t, ] = 7.5 Hz, 1H), 6.95 (t, ] = 7.1 Hz, 1H), 6.79 (d, ] =
7.5 Hz, 1H), 6.06 (s, 1H), 3.80 (s, 3H), 2.17 (s, 3H), 1.47—1.31 (m,
6H), 1.29—1.21 (m, 6H), 0.87—0.72 (m, 15H) ppm; *C NMR (125
MHz, CDCL): § = 170.5, 153.0, 131.0, 125.4, 125.3, 120.6, 109.0,
69.4, 54.7,28.7,27.3, 20.9, 13.6, 10.1 ppm. HRMS (EI): m/z calcd for
C1sH0055n [M — Bu*]: 413.1139. Found: 413.1126.

1-Naphthyl(tributylstannyl)methyl Acetate (6h). Colorless oil;
IR (neat): 3058, 2955, 2926, 2871, 2852, 1721, 1593, 1509, 1463,
1397 em™}; '"H NMR (500 MHz, CDCL,): § = 7.86—7.84 (m, 2H),
7.66—7.62 (m, 1H), 7.49—7.43 (m, 4H), 7.00 (s, 1H), 2.14 (s, 3H),
1.34—1.26 (m, 6H), 1.19—1.12 (m, 6H), 0.83—0.70 (m, 15H) ppm;
BC NMR (125 MHz, CDCl,): § = 170.7, 138.3, 133.6, 129.0, 128.5,
125.6, 125.58, 125.55, 125.50, 122.8, 120.6, 71.9, 28.6, 27.3, 21.1, 13.5,
10.6 ppm. HRMS (EI): m/z caled for C,HyO,Sn [M — Bu']:
433.1190. Found: 433.1180.

2-Naphthyl(tributylstannyl)methyl Acetate (6i). Colorless oil;
IR (neat): 3056, 2955, 2926, 2871, 2852, 1725, 1631, 1600, 1507,
1463 cm™'; "H NMR (400 MHz, CDCL,): 6 = 7.77 (t, ] = 7.2 Hz, 3H),
7.53 (s, 1H), 7.46—7.36 (m, 2H), 7.24—7.21 (m, 1H), 6.08 (s, 1H),
2.19 (s, 3H), 1.45—1.31 (m, 6H), 1.26—1.19 (m, 6H), 0.92—0.75 (m,
15H) ppm; C NMR (125 MHz, CDCly): § = 170.9, 1404, 1337,
131.6, 128.1, 127.7, 127.4, 126.1, 124.9, 123.1, 120.9, 73.6, 28.8, 27.3,
21.1, 13.6, 10.1 ppm. HRMS (EI): m/z caled for CyH,0,5n [M —
Bu']: 433.1190. Found: 433.1183.

2-Thienyl(tributylstannyl)methyl Acetate (6k). Pale yellow oil;
IR (neat): 2956, 2925, 2871, 2853, 1725, 1464, 1371, 1295, 1245,
1074 cm™'; 'H NMR (500 MHz, CDCL): § = 7.12 (d, ] = 4.6 Hg,
1H), 6.91 (dd, J = 3.4, 4.6 Hz, 1H), 6.74 (d, ] = 3.4 Hz, 1H), 6.07 (s,
1H), 2.10 (s, 3H), 1.47—1.41 (m, 6H), 1.30—1.23 (m, 6H), 0.92—0.85
(m, 15H) ppm; C NMR (125 MHz, CDCL): § = 170.7, 146.1,
126.7, 123.1, 122.0, 68.5, 28.8, 27.3, 20.9, 13.6, 10.3 ppm. HRMS (EI):
m/z caled for C;sH,50,8Sn [M — Bu*]: 389.0597. Found: 389.0585.

(E)-1-(Tributylstannyl)-2-methyl-3-phenylallyl Acetate (6l).
Colorless oil; IR (neat): 2956, 2926, 2871, 2853, 1724, 1643, 1598,
1492, 1463, 1370 cm™'; '"H NMR (500 MHz, CDCL,): § = 7.32 (dd, J
=5.3,7.3 Hz, 2H), 7.25 (d, ] = 5.3 Hz, 2H), 7.18 (t, ] = 7.3 Hz, 1H),
6.30 (s, 1H), 5.42 (s, 1H), 2.14 (s, 3H), 1.86 (s, 3H), 1.58—1.50 (m,
6H), 1.36—1.27 (m, 6H), 1.04—0.86 (m, 15H) ppm; *C NMR (125
MHz, CDCl,): § = 170.5, 138.1, 128.81, 128.78, 128.0, 125.7, 119.5,
76.3,28.9, 27.4,21.0, 16.1, 13.7, 10.3 ppm. HRMS (EI): m/z calcd for
CyoH;,0,5n [M — Bu']: 423.1346. Found: 423.1348.

Tributyl(3,4-dihydro-1H-isochromen-1-yl)stannane (6m).
Colorless oil; IR (neat): 2955, 2851, 1601, 1488, 1457, 1418, 1376,
1339, 1291, 1270 cm™; 'H NMR (500 MHz, C(Dy): § = 7.05—7.03
(m, 1H), 6.93—6.92 (m, 2H), 6.84 (d, ] = 8.0 Hz, 1H), 5.52 (s, 1H),
3.84—3.80 (m, 1H), 3.61-3.57 (m, 1H), 2.73—2.67 (m, 1H), 2.56—
2.51 (m, 1H), 1.59—1.53 (m, 6H), 1.37—1.53 (m, 6H), 1.04—0.89 (m,
15H) ppm; *C NMR (125 MHz, CDCly): § = 141.2, 130.8, 129.0,
125.9, 123.7, 122.1, 75.1, 65.4, 29.2, 29.0, 27.3, 13.6, 10.0 ppm. HRMS
(EI): m/z caled for C;;H,,OSn [M — Bu']: 367.1084. Found:
367.1077.

1-Phenyl-1-(tributylstannyl)ethyl Acetate (6n). Colorless oil;
IR (neat): 2955, 2871, 1717, 1493, 1369, 1266, 1230, 1070, 1033, 953
cm™'; 'H NMR (500 MHz, CDCL,): 6 = 7.31-7.28 (m, 2H), 7.14—
7.11 (m, 3H), 2.16 (s, 3H), 1.83 (s, 3H), 1.39—1.19 (m, 12H), 0.92—
0.69 (m, 15H) ppm; *C NMR (125 MHz, CDCL,): § = 171.9, 147.1,
128.2, 125.1, 123.4, 81.7, 28.8, 27.5, 24.7, 21.5, 13.6, 11.6 ppm. HRMS
(EI): m/z caled for C;gH,00,Sn [M — Bu]*: 397.1190. Found:
397.1193.

Synthesis of Optically Active 8. (S)-N-(tert-Butylsulfonyl)-a-
(tributylstannyl)benzylamines (8a, 8b, 8c, and 8d) were prepared
according to a previously reported method."?® @-Amido stannanes (8a,
8¢, and 8d) are known compounds.nb

(S)-N-(tert-Butylsulfonyl)-a-(tributylstannyl)-4-fluorobenzyl-
amine (8b). Colorless oil; IR (neat): 3280, 2956, 2926, 2871, 2853,
1603, 1507, 1458, 1303, 1125 cm™; 'TH NMR (500 MHz, CDCL,): § =
7.03—6.95 (m, 4 H), 453 (d,] = 9.0 Hz, 1 H), 443 (d,] = 9.0 Hz, 1
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H), 1.45—1.31 (m, 6 H), 1.29—1.22 (m, 15 H), 0.95-0.82 (m, 15 H)
ppm; C NMR (125 MHz, CDCLy): § = 1604 (Jor = 242.0 Hz),
141.2 (Jop = 3.5 Hz), 1254 (Jog = 7.1 Hz), 1154 (Jor = 21.5 Hz),
59.7,47.1, 28.8, 27.3, 24.2, 13.6, 9.6 ppm. HRMS (ESI): m/z calcd for
CyH;,ENO,SSn [M — Bu']: 478.1233. Found: 478.1230. [a]*p
+45.6 (c = 0.98, CHCl;, >99% ee).

General Procedure for Carboxylations of N-Boc-a-Amido
Stannanes. Dry CsF (22.8 mg, 0.15S mol, 3 equiv), which was
preheated for 10 min by a heat gun under vacuum before use (<S
mmHg at ca. 400 °C), was quickly mixed with N-Boc-a-amido
stannane la (26.2 mg, 0.053 mmol). After addition of dry DMF (1.5
mL), the mixture was put inside an autoclave and sealed tightly. CO,
gas was introduced into the autoclave (1 MPa), which was heated at
100 °C for 3 h. After the mixture cooled to 0 °C, water and Et,O were
added, and the pH of the mixture was adjusted to 2 by 1 M HCI. The
organic layer was extracted with Et,O, washed with brine, and dried
over Na,SO,. The solvent was removed under reduced pressure, and
the residue was diluted with MeOH (ca. 2 mL) followed by treatment
with TMSCHN, (2 M in Et,0). After 1 h, AcOH was added until N,
bubbling ceased, and the mixture was directly concentrated under high
vacuum to afford the crude product. Yields of 2a and 3a were
determined at this stage using 1,1,2,2-tetrachloroethane (6 = 5.9 ppm
in CDCl;, 2H) as an internal standard (2a: 95%, 3a: <1%). The crude
product was then purified by 10% K,CO;—SiO, column chromatog-
raphy'” (hexane—AcOEt, 1:1) to remove organotin residues, followed
by preparative PTLC (hexane—AcOEt, 7:1) for separation from 3a,
affording methyl 2-(tert-butoxycarbonylamino)-2-phenylacetate (2a)
(11.7 mg, 0.044 mmol) in 83% yield as a colorless amorphous solid.

a-Amino acid derivatives (2a, 2d, 2e, 2f, 2i, 2j, 2k, 21, 2n, and 2r)
are known compounds.'®

Methyl 2-(N-tert-Butoxycarbonylamino)-2-(4-
methoxycarbonylphenyl)acetate (2c). Colorless oil; IR (neat):
3366, 2979, 2954, 1722, 1613, 1578, 1417, 1367, 1282, 1166 cm™'; 'H
NMR (500 MHz, CDCl,): § = 8.02 (d, J = 8.3 Hz, 2H), 744 (d, ] =
8.3 Hz, 2H), 5.67 (d, ] = 6.6 Hz, 1H), 5.38 (d, ] = 6.6 Hz, 1H), 3.91 (s,
3H), 3.72 (s, 3H), 1.43 (s, 9H) ppm; *C NMR (125 MHz, CDCL,): §
=170.9, 166.6, 154.7, 141.9, 130.2, 130.1, 127.1, 80.4, $7.3, 53.0, 52.2,
28.3 ppm. HRMS (ESI): m/z caled for C;¢H, O¢NNa [M + Na]*:
346.1261. Found: 346.1256.

Methyl 2-(N-tert-Butoxycarbonylamino)-2-(2-
methoxylphenyl)acetate (2h). White solid; mp 79—81 °C; IR
(neat): 3448, 2977, 1749, 1603, 1465, 1367, 1252, 1166, 1053, 913
em™'; TH NMR (500 MHz, CDCL,): 6 = 7.32—7.29 (m, 2H), 6.95 (t, ]
= 7.4 Hz, 1H), 6.88 (d, ] = 8.0 Hz, 1H), 5.65 (d, ] = 8.9 Hz, 1H), 5.47
(d, J = 8.9 Hz, 1H), 3.82 (s, 3H), 3.68 (s, 3H), 1.4 (s, 9H) ppm; °C
NMR (125 MHz, CDCl): § = 172.0, 156.9, 155.3, 130.3, 129.7, 125.8,
120.9, 111.0, 79.9, 55.5, 54.6, 52.5, 28.3 ppm. HRMS (ESI): m/z calcd
for C;sH,,ONNa [M + Na]*: 318.1307. Found: 318.1312.

Methyl 2-(N-tert-Butoxycarbonylamino)-2-(benzofuran-2-
yl)acetate (2m). Pale yellow solid; mp 74—76 °C; IR (neat): 3429,
3057, 2979, 1752, 1586, 1438, 1368, 1266, 1161, 1028 cm™'; 'H NMR
(500 MHz, CDCl;): 6 = 7.55 (d, J = 8.0 Hz, 1H), 7.45 (d, ] = 8.0 Hz,
1H), 7.31=7.21 (m, 2H), 6.75 (s, 1H), 5.65 (d, ] = 7.8 Hz, 1H), 5.61
(d, ] = 7.8 Hz, 1H), 3.78 (s, 3H), 1.45 (s, 9H) ppm; °C NMR (125
MHz, CDCL): § = 1694, 155.0, 154.1, 151.8, 128.0, 124.9, 1232,
121.5, 111.6, 105.5, 80.8, 53.3, 52.2, 28.4 ppm. HRMS (ESI): m/z
caled for C,H,0ONNa [M + Na]*: 328.1155. Found: 328.1151.

2-N-tert-Butyl 1-Methyl 3,4-Dihydroisoquinoline-1,2(1H)-di-
carboxylate (20). Colorless oil; mp 74—76 °C; IR (neat): 3056,
2979, 1745, 1698, 1393, 1265, 1166, 1098, 1001, 934 cm™'; 'H NMR
(500 MHz, CDCly): § = 7.49—7.46 (m, 1H), 7.23—7.22 (m, 2H),
7.17—7.15 (m, 1H), 5.60 (5.43 for rotamer) (s, 1H), 3.80—3.76 (m,
2H), 3.71 (s, 3H), 2.99-2.92 (m, 1H), 2.89—2.80 (m, 1H), 1.50
(1.47) (s, 9H) ppm; *C NMR (125 MHz, CDCL,): § = 172.5 (172.2),
154.7 (154.6), 135.7 (135.4), 132.5 (132.0), 128.6 (128.3), 128.2
(127.8), 127.72 (127.69), 126.5, 80.7 (80.5), 58.7 (57.6), 52.5 (52.3),
40.8 (39.7), 284 (28.3), 21.2 ppm. HRMS (ESI): m/z caled for
Cy¢H,;O,NNa [M + Na]*: 314.1363. Found: 314.1358.

N-tert-Butyl Methyl Isoindoline-1,2-dicarboxylate (2p). Col-
orless amorphous solid; IR (neat): 305S, 2929, 1755, 1703, 1398,
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1266, 1201, 1122, 1017, 899 cm™'; 'H NMR (500 MHz, CDCL,): & =
7.21-7.10 (m, 1H), 6.90—6.86 (m, 2H), 6.71 (6.62) (d, ] = 6.5 Hz,
1H), 5.58 (5.33 for rotamer) (d, J = 2.9 Hz, 1H), 4.79 (4.63) (dd, J =
2.9, 143 Hz, 1H), 4.56 (4.34) (d, ] = 14.3 Hz, 1H), 3.22 (s, 3H), 1.45
(1.43) (s, 9H) ppm; *C NMR (125 MHz, CDCl;): § = 171.2 (170.8),
154.2 (153.7), 137.8 (137.3), 135.3 (135.1), 128.7 (128.6), 127.7
(127.6), 123.1 (123.0), 122.84 (122.82), 80.49 (80.45), 65.9—65.0,
52.5 (52.3), 52.2 (52.0), 28.4 (28.3) ppm. HRMS (ESI): m/z calcd for
C,sH,40,NNa [M + Na]*: 300.1206. Found: 300.1206.

Methyl 2-(1,1-Dimethylethylsulfonamido)-2-phenyl-2-meth-
ylacetate (2q). White solid; mp 102—103 °C; IR (neat): 3274, 2953,
1742, 1447, 1309, 1258, 1125, 1077, 1029, 993 cm™’; 'H NMR (500
MHz, CDCly): 6 = 7.45—7.43 (m, 2H), 7.39—7.36 (m, 2H), 7.33—
7.32 (m, 1H), 5.03 (s, 1H), 3.78 (s, 3H), 2.03 (s, 3H), 1.40 (s, 9H)
ppm; *C NMR (125 MHz, CDCly): § = 173.7, 141.1, 128.7, 128.4,
125.6, 65.2, 60.2, 53.2, 42.3, 24.2 ppm; HRMS (ESI): m/z calcd for
C,,H,;O,NSNa [M + Na]*: 322.1084. Found: 322.1080.

General Procedure for Carboxylations of a-Acetoxy
Stannanes. Dry CsF (314 mg, 0.21 mol, 3 equiv), which was
preheated for 10 min by a heat gun under vacuum before use (<$
mmHg at ca. 400 °C), was quickly mixed with a-acetoxy stannane 6aa
(30.1 mg, 0.069 mmol). After addition of dry DMF (1.5 mL), the
mixture was filled with CO, gas (0.1 MPa = 1 atm: balloon), which
was heated at 60 °C for 3 h. After the mixture cooled to 0 °C, water
and Et,O were added, and the pH of the mixture was adjusted to 2 by
1 M HCIL. The organic layer was extracted with Et,O, washed with
brine, and dried over Na,SO, The solvent was removed under
reduced pressure, and the residue was diluted with MeOH (ca. 2 mL)
followed by treatment with TMSCHN, (2 M in Et,0). After 1 h,
AcOH was added until N, bubbling ceased, and the mixture was
directly concentrated under high vacuum to afford the crude product.
The yield was determined at this stage using 1,1,2,2-tetrachloroethane
(6 = 5.9 ppm in CDCI,, 2H) as an internal standard (93%). The crude
product was then purified by 10% K,CO;—SiO, column chromatog-
raphy17 (hexane—AcOEt, 15:1) to remove organotin residues,
followed by preparative PTLC (hexane—Et,0, 6:1) to afford methyl
acetoxy(phenyl)acetate (7aa) (12.0 mg, 0.058 mmol) in 84% yield as a
colorless oil.

Methyl Acetoxy(4-trifluoromethylphenyl)acetate (7b). Col-
orless oil; IR (neat): 3057, 2957, 1748, 1623, 1438, 1420, 1374, 1327,
1266, 1232 cm™'; '"H NMR (500 MHz, CDCl,): § = 7.66 (d, ] = 8.3
Hz, 2H), 7.61 (d, ] = 8.3 Hz, 2H), 5.99 (s, 1H), 3.74 (s, 3H), 2.22 (s,
3H) ppm; C NMR (125 MHz, CDCLy): § = 170.0, 168.6, 137.6,
131.4 (d, Jop = 32.6 Hz), 127.9, 125.8 (d, oz = 3.6 Hz), 123.8 (d, ] =
270.6 Hz), 73.7, 52.9, 20.7 ppm. HRMS (EI): m/z caled for
C,oHgF,0, [M — OAc']: 217.0476 Found: 217.0470.

Methyl Acetoxy(4-chlorophenyl)acetate (7c).** Colorless oil;
IR (neat): 2955, 2926, 2852, 1747, 1652, 1598, 1493, 1373, 1269,
1176 cm™; 'H NMR (400 MHz, CDCL,): § = 7.42—7.36 (m, 4H),
5.90 (s, 1H), 3.73 (s, 3H), 2.20 (s, 3H) ppm; *C NMR (125 MHz,
CDCLy): & = 1702, 169.0, 135.3, 1322, 129.0, 129.0, 73.7, 52.8, 20.7
ppm. LRMS (EI): m/z caled for C;H;,ClO, [M*]: 242. Found: 242.

Methyl Acetoxy(4-fluorophenyl)acetate (7d). Colorless oil; IR
(neat): 2957, 2925, 2851, 1749, 1607, 1512, 1438, 1373, 1349, 1228
cm™; '"H NMR (500 MHz, CDCL,): 6§ = 7.45 (dd, J = 5.2, 8.7 Hg,
2H), 7.08 (t, ] = 8.7 Hz, 2H), 5.91 (s, 1H), 3.73 (s, 3H), 2.20 (s, 3H)
ppm; *C NMR (125 MHz, CDCly): § = 1702, 169.17, 163.17 (d, Jcr
=246.1 Hz), 129.7 (d, Jcp = 3.9 Hz), 129.5 (d, Jor = 8.8 Hz), 115.8 (d,
Jcr = 214 Hz), 73.7, 52.7, 20.7 ppm. HRMS (EI): m/z caled for
C, H,,FO, [M*]: 226.0641. Found: 226.0642.

Methyl Acetoxy(phenyl)acetate (7aa).>®> Colorless oil; IR
(neat): 3035, 2955, 1749, 1496, 1456, 1437, 1373, 1277, 1234, 1083
cm™'; 'H NMR (500 MHz, CDCL,): 6§ = 7.48—7.46 (m, 2H), 7.41—
7.39 (m, 3H), 5.93 (s, 1H), 3.73 (s, 3H), 2.20 (s, 3H) ppm; *C NMR
(125 MHz, CDCL,): & = 170.3, 160.3, 133.7, 129.2, 128.8, 127.6, 74.4,
52.6, 20.7 ppm. LRMS (EI): m/z caled for C;H,0, [M*]: 208.
Found: 208.

Methyl Acetoxy(2-tolyl)acetate (7e). Colorless oil; IR (neat):
3056, 2958, 1747, 1496, 1437, 1373, 1266, 1237, 1173, 1110 cm™; 'H
NMR (500 MHz, CDCL,): § = 7.40 (d, J = 8.0 Hz, 1H), 7.27-7.21

dx.doi.org/10.1021/j0202597p | J. Org. Chem. 2012, 77, 2159—2168



The Journal of Organic Chemistry

(m, 3H), 6.22 (s, 1H), 3.73 (s, 3H), 2.4S (s, 3H), 2.19 (s, 3H) ppm;
13C NMR (125 MHz, CDCL,): § = 170.4, 169.6, 136.8, 132.4, 130.8,
1292, 128.0, 126.4, 71.5, 52.6, 20.7, 19.3 ppm. HRMS (EI): m/z calcd
for C;,H,,0, [M — AcOH*]: 162.0681. Found: 162.0680.

Methyl Acetoxy(4-tolyl)acetate (79).23 Colorless oil; IR (neat):
3055, 2955, 1747, 1517, 1438, 1373, 1266, 1236, 1180, 1056 cm™; 'H
NMR (500 MHz, CDCLy): 6 = 7.35 (d, ] = 8.0 Hz, 2H), 7.20 (d, ] =
8.0 Hz, 2H), 5.90 (s, 1H), 3.72 (s, 3H), 2.36 (s, 3H), 2.19 (s, 3H)
ppm; C NMR (125 MHz, CDCly): § = 1704, 169.5, 139.3, 130.8,
129.5, 127.6, 74.3, 52.6, 21.2, 20.7 ppm. LRMS (EI): m/z calcd for
C,H,,0, [M*]: 222. Found: 222.

Methyl Acetoxy(2-methoxyphenyl)acetate (7g).?* Colorless
oil; IR (neat): 2956, 2844, 1747, 1604, 1497, 1465, 1372, 1351, 1256,
1231 ecm™}; 'H NMR (500 MHz, CDCL,): § = 7.39—7.35 (m, 2H),
7.00—6.92 (m, 2H), 6.44 (s, 1H), 3.86 (s, 3H), 3.73 (s, 3H), 2.17 (s,
3H) ppm; *C NMR (125 MHz, CDCLy): § = 170.4, 169.8, 157.2,
130.8, 129.4, 122.6, 120.8, 111.2, 68.7, 55.8, 52.5, 20.8 ppm. LRMS
(EI): m/z caled for C,H,O5 [M*]: 238. Found: 238.

Methyl Acetoxy(1-naphthyl)acetate (7h).2> Colorless oil; IR
(neat): 3055, 2986, 1748, 1513, 1437, 1372, 1340, 1265, 1229, 1055
cm™'; 'TH NMR (400 MHz, CDCL,): 6 = 8.18 (d, ] = 8.5 Hz, 1H), 7.90
(d, J = 8.5 Hz, 2H), 7.63—7.47 (m, 4H), 6.68 (s, 1H), 3.71 (s, 3H),
221 (s, 3H) ppm; C NMR (125 MHz, CDCL,): § = 1704, 169.7,
133.9, 131.0, 130.1, 129.9, 128.8, 127.5, 127.0, 126.1, 125.2, 123.7,
72.4, 52.7,20.8 ppm. LRMS (EI): m/z caled for C,H,,05 [M*]: 258.
Found: 258.

Methyl Acetoxy(2-naphthyl)acetate (7i).® Colorless oil; IR
(neat): 3055, 2986, 1747, 1437, 1372, 1341, 1265, 1231, 1126, 1058
cm™’; '"H NMR (400 MHz, CDCL,): § = 7.95 (s, 1H), 7.89—7.84 (m,
3H), 7.58—7.51 (m, 3H), 6.10 (s, 1H), 3.73 (s, 3H), 2.24 (s, 3H)
ppm; C NMR (125 MHz, CDCly): § = 1704, 169.3, 133.5, 133.0,
131.0, 128.7, 1282, 127.7, 127.4, 126.8, 126.6, 124.6, 74.6, 52.7, 20.8
ppm. LRMS (EI): m/z caled for C,H ,O5 [M*]: 258. Found: 258.

Methyl Acetoxy(2-furyl)acetate (7j). Colorless oil; IR (neat):
3055, 2987, 1758, 1438, 1421, 1372, 1265, 1217, 1152, 1050 cm™; 'H
NMR (500 MHz, CDCl,): § = 7.45 (d, J = 1.6 Hz, 1H), 649 (d, ] =
32 Hz, 1H), 6.41 (dd, J = 1.6, 3.2 Hz, 1H), 6.09 (s, 1H), 3.79 (s, 3H),
2.18 (s, 3H) ppm; C NMR (125 MHz, CDCLy): § = 170.1, 167.2,
146.6, 143.9, 111.1, 110.8, 67.5, 53.0, 20.6 ppm. HRMS (EI): m/z
caled for CoH,,O5 [M*]: 198.0528. Found: 198.0528.

Methyl Acetoxy(2-thienyl)acetate (7k). Colorless oil; IR (neat):
3056, 2956, 1751, 1438, 1373, 1339, 1266, 1230, 1127, 1044 cm™'; 'H
NMR (400 MHz, CDCl,): 6 = 7.37 (d, J = 5.1 Hz, 1H), 7.18 (d, ] =
3.5 Hz, 1H), 7.02 (dd, ] = 3.5, 5.1 Hz, 1H), 6.20 (s, 1H), 3.78 (s, 3H),
2.20 (s, 3H) ppm; *C NMR (125 MHz, CDCly): § = 170.1, 168.5,
1352, 127.9, 127.2, 127.0, 70.0, 52.9, 20.6 ppm. HRMS (EI): m/z
caled for CoH,,0,S [M*]: 214.0300. Found: 214.0300.

(E)-Methyl 2-Acetoxy-3-methyl-4-phenylbut-3-enoate (7).
Colorless oil; IR (neat): 3057, 2955, 1744, 1541, 1492, 1372, 1339,
1266, 1235, 1175 cm™; '"H NMR (500 MHz, CDCL,): § = 7.37—7.34
(m, 2H), 7.31-7.25 (m, 3H), 6.69 (s, 1H), 5.52 (s, 1H), 3.79 (s, 3H),
2.20 (s, 3H), 1.94 (s, 3H) ppm; C NMR (125 MHz, CDCL): § =
170.3, 169.2, 136.3, 131.9, 130.6, 129.0, 128.2, 127.3, 78.1, 52.6, 20.8,
14.3 ppm. HRMS (EI): m/z caled for C,H,;s0, [M']: 248.1049.
Found: 248.1048.

Methy! 3,4-Dihydro-1H-isochromene-1-carboxylate (7m).%”
Colorless oil; IR (neat): 305S, 2954, 1747, 1492, 1454, 1436, 1376,
1344, 1266, 1216 cm™'; '"H NMR (500 MHz, CDCL,): 6 = 7.39 (d, ] =
6.9 Hz, 1H), 7.25-7.19 (m, 2H), 7.14 (d, ] = 7.4 Hz, 1H), 5.38 (s,
1H), 4.34—4.29 (m, 1H), 4.04—3.99 (m, 1H), 3.79 (s, 3H), 2.91-2.87
(m, 2H) ppm; *C NMR (125 MHz, CDCly): § = 171.6, 133.7, 131.0,
129.1, 127.5, 126.3, 126.1, 74.8, 62.9, 52.4, 28.0 ppm. LRMS (EI): m/z
caled for C;;H;,0; [M*]: 192. Found: 192.

Methyl 2-Acetoxy-2-phenylpropanoate (7n). Colorless oil; IR
(neat): 2952, 2851, 1747, 1449, 1373, 1266, 1225, 1125, 1073, 983
em™’; 'TH NMR (500 MHz, CDCL;): § = 7.51 (dd, ] = 7.2, 1.4 Hz,
2H), 7.40—7.32 (m, 3H), 3.70 (s, 3H), 2.21 (s, 3H), 1.95 (s, 3H)
ppm; C NMR (125 MHz, CDCLy): § = 1714, 169.9, 139.7, 128.5,
1282, 124.7, 81.6, 52.7, 24.0, 21.4 ppm. HRMS (EI): m/z calcd for
C,H,,0, [M*]: 222.0892. Found: 222.0890.
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One-Pot Synthesis of Acetyl Mandelic Acid. Dry CsF (91.6
mg, 0.6 mmol, 3 equiv) was preheated for 10 min by a heat gun under
vacuum before use (<5 mmHg at ca. 400 °C), to which dry CH;CN
(1.5 mL), benzaldehyde (d = 1.045 g/mL, 20 uL, 0.2 mmol), Ac,O (d
=1.08 g/mL, 57 uL, 0.6 mmol, 3 equiv), and TMS-SnBu; (d = 1.04 ¢/
mL, 134 uL, 0.4 mmol, 2 equiv) were added in this order, and then the
mixture was heated at 60 °C for 3 h. After cooling to 0 °C, the solvent
was evaporated and dried under reduced pressure (<S mmHg) for 1 h.
After the addition of preheated CsF (60.8 mg, 0.4 mmol, 2 equiv), the
mixture was filled with CO, gas (0.1 MPa = 1 atm: balloon), followed
by addition of dry DMF (1.5 mL), and then heated at 100 °C for 1 h.
After the mixture cooled to 0 °C, water and Et,O were added and the
pH of the mixture was adjusted to 2 by 1 M HCIL. The organic layer
was extracted with Et,O, washed with brine, and dried over Na,SO,.
The solvent was removed under reduced pressure, and the residue was
diluted with Et,O (ca. 2 mL). As t-BuNH, (d = 0.696 g/mlL, 21 uL,
0.2 mmol, 1 equiv) was added slowly, white precipitates appeared.
After 1 h, Et,0 was removed under reduced pressure followed by the
addition of hexane (ca. 2 mL). The solids were collected by filtration
and washed with hexane, which were dissolved in water with the pH
adjusted to 2 by 1 M HCI. The product was extracted with CH,ClL,,
washed with brine, and dried over Na,SO,. The solvent was removed
under reduced pressure to give 2-acetoxy-2-phenelacetic acid (7aa’)
(20.2 mg, 0.104 mmol) as a colorless oil in 52% yield.

2-Acetoxy-2-phenylacetic acid (7aa’). Colorless oil; IR (neat):
3036, 1740, 1497, 1456, 1374, 1233, 1183, 1082, 1053, 1004 cm™; 'H
NMR (500 MHz, CDCL,): § = 7.49-7.47 (m, 2H), 7.41-7.34 (m,
2H), 5.93 (s, 1H), 2.19 (s, 3H) ppm; *C NMR (125 MHz, CDCL,): §
= 174.1, 1704, 133.1, 129.5, 128.9, 127.6, 74.1, 20.6 ppm. LRMS (EI):
m/z caled for C,oH,,0, [M*]: 194. Found: 194 ((R) and (S) products
are commercially available from a chemical supplier).

General Procedure of Chirality Transfer Reactions. Dry CsF
(22.8 mg, 0.15 mol, 3 equiv), which was preheated for 10 min by a
heat gun under vacuum before use (<S mmHg at ca. 400 °C), was
quickly mixed with (S)-N-(tert-butylsulfonyl)-a-(tributylstannyl)-
benzylamine (8a) (26.2 mg, 0.051 mmol). After addition of dry
triglyme (1.5 mL), the mixture was put inside an autoclave and sealed
tightly. CO, gas was introduced into the autoclave (1 MPa), which was
heated at 100 °C for 3 h. After the mixture cooled to 0 °C, water and
Et,O were added, and the pH of the mixture was adjusted to 2 by 1 M
HCI. The organic layer was extracted with Et,O, washed with brine,
and dried over Na,SO,. The solvent was removed under reduced
pressure, and the residue was diluted with MeOH (ca. 2 mL) followed
by treatment with TMSCHN, (2 M in Et,0). After 1 h, AcOH was
added until N, bubbling ceased, and the mixture was directly
concentrated under high vacuum to afford the crude product, to which
Et,O was added and the mixture was washed with H,O to remove
most of triglyme. Yields of 9a and protiodestannylation product were
determined at this stage using 1,1,2,2-tetrachloroethane (§ = 5.9 ppm
in CDCl,;, 2H) as an internal standard (9a: 69%, protiodestannylation
product: 7%). The crude product was then purified by 10% K,CO;—
SiO, column chromatography'” (AcOEt only) to remove organotin
residues, followed by preparative PTLC (hexane—AcOEt, 7:1) for
separation from 10a, affording methyl (S)-2-(1,1-dimethylethylsulfo-
namido)-2-phenylacetate (9a) (6.1 mg, 0.021 mmol) in 42% yield as
white solids with 85% ee.

Methyl_ (S)-2-(1,1-Dimethylethylsulfonamido)-2-phenylace-
tate (9a).?® White solid; mp 151—153 °C; IR (neat): 3287, 3056,
2981, 1745, 1479, 1366, 1266, 1175, 1074, 1021 cm™"; 'H NMR (500
MHz, CDCly): § = 7.38—7.34 (m, SH), 5.20 (d, ] = 8.3 Hz, 1H), 5.15
(d, J = 8.3 Hz, 1H), 3.75 (s, 3H), 1.30 (s, 9H) ppm; *C NMR (125
MHz, CDCL): § = 171.6, 136.7, 129.1, 128.7, 127.1, 60.1, 60.0, 53.2,
24.0 ppm. LRMS (EI): m/z caled for C13H;,NO,S [M]*: 285. Found:
285. [a]*p +94.8 (c = 0.55, CHCl,, 85% ee). HPLC (Chiralpak AD-
H, 2-propanol/hexane 3/97, flow 1.0 mL/min, detection at 220 nm):
tp 48.1 min (major) and 27.9 min (minor). The absolute configuration
was determined to be (S) by comparison of specific rotation with
literature data. {Lit. (>99% ee) [a]**p = —102.6 (c = 0.50, CHCL,) for
R isomer.”®}
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Methyl 2-(1,1-Dimethylethylsulfonamido)-2-(4-
fluorophenyl)acetate (9b). Colorless amorphous solid; IR (neat):
3288, 2984, 2957, 2924, 1752, 1606, 1512, 1452, 1305, 1132 cm™}; 'H
NMR (500 MHz, CDCl,): § = 7.35—7.32 (m, 2 H), 7.09—7.05 (m, 2
H), 520 (d, ] = 8.0 Hz, 1 H), 5.14 (d, ] = 8.0 Hz, 1 H), 3.76 (s, 3 H),
1.30 (s, 9 H) ppm; C NMR (125 MHz, CDCL,): § = 1714, 162.8
(Jor = 245.6 Hz), 132.7 (Jop = 3.5 Hz), 1289 (Jor = 8.4 Hz), 116.6
(Jer = 21.5 Hz), 60.1, 59.3, 53.3, 24.0 ppm. HRMS (EI): m/z calcd for
C;;H,;ENO,S [M — CO,Me]*: 244.0802. Found: 244.0801. [a]*,
+718 (c = 0.54, CHCl, 82% ee). HPLC (Chiralpak AD-H, 2-
propanol/hexane 3/97, flow 1.0 mL/min, detection at 230 nm.): ty
39.3 min (major) and 23.9 min (minor).

Methyl 2-(1,1-Dimethylethylsulfonamido)-2-(4-
chlorophenyl)acetate (9c). White solid; mp 103—105 °C; IR
(neat): 3284, 2985, 1740, 1492, 1440, 1313, 1220, 1132, 1016, 977
cm™; '"H NMR (500 MHz, CDCL,): § = 7.37—7.34 (m, 2H), 7.31—
7.29 (m, 2H), 5.20—5.16 (m, 2H), 3.75 (s, 3H), 1.30 (s, 9H) ppm; *C
NMR (125 MHz, CDCl,): § = 171.2, 135.3, 134.7, 129.3, 128.5, 60.2,
59.3, 53.3, 24.0 ppm. HRMS (EI): m/z caled for C;;H;sNO,CIS [M —
CO,Me]": 260.0512. Found: 260.0505. [a]*}, +80.2 (c = 0.40, CHCL,,
72% ee). HPLC (Chiralpak AD-H, 2-propanol/hexane 5/95, flow 1.0
mL/min, detection at 230 nm.): t; 23.0 min (major) and 17.9 min
(minor).

Methyl 2-(1,1-Dimethylethylsulfonamido)-2-(4-
methylphenyl)acetate (9d). White solid; mp 126—127 °C; IR
(neat): 3282, 2981, 1738, 1440, 1336, 1223, 1172, 1105, 1026, 977
cm™; "H NMR (500 MHz, CDCL,): § = 7.23 (d, ] = 8.0 Hz, 2H), 7.18
(d, J = 8.0 Hz, 2H), 5.16 (d, ] = 8.6 Hz, 1H), 5.09 (d, ] = 8.6 Hz, 1H),
3.74 (s, 3H), 2.35 (s, 3H), 1.30 (s, 9H) ppm. *C NMR (125 MHz,
CDCL,): § = 171.8, 138.6, 133.7, 129.7, 127.0, 60.1, 59.8, 53.1, 24.0,
21.2 ppm. HRMS (EI): m/z caled for C;,H;;0,NS [M — CO,Me]*:
240.1058. Found: 240.1054. [a]*p +57.3 (c = 0.33, CHCl;, 90% ee).
HPLC (Chiralcel OD-H, 2-propanol/hexane 1/99, flow 1.0 mL/min,
detection at 220 nm.): #; 22.9 min (major) and 26.7 min (minor).

Hammett Analysis. Dry CsF (22.8 mg, 0.15 mol, 3 equiv), which
was preheated for 10 min by a heat gun under vacuum before use (<$
mmHg at ca. 400 °C), was quickly added to a mixture of N-Boc-a-
amido stannane la (26.2 mg, 0.025 mmol) and substituted 1 (0.025
mmol). After addition of dry DMF (1.5 mL), the solution was put
inside an autoclave and sealed tightly. CO, gas was introduced into the
autoclave (1 MPa), which was heated at 100 °C for 15 min (<40%
conversion). After cooling to 0 °C, water and Et,O were added, and
the pH of the mixture was adjusted to 2 by 1 M HCIL The organic
layer was extracted with Et,O, washed with brine, and dried over
Na,SO,. The solvent was removed under reduced pressure to afford
the crude mixture. The amounts of remaining la and substituted 1
were determined at this stage using 1,3,5-trimethoxybenzene (§ = 6.1
ppm in CDCl,;, 3H) in 'H NMR as an internal standard. The peak of
methine proton of CHSnBu; was used for calculation. If clean
separation could not be observed in '"H NMR, the molar ratio of 1a
and 1 was determined by '”Sn NMR in d-benzene. The ratio of total
conversion (2 + 3/2a + 3a) was determined as [0.025 mmol (initial
amounts of 1) — (remaining amounts of 1)]/[0.025 mmol (initial
amounts of 1a) — (remaining amounts of 1a)]. Plotting of log [0.025
mmol (initial amounts of 1) — (remaining amounts of 1)]/[0.025
mmol (initial amounts of 1a) — (remaining amounts of 1a)] versus o-
values indeed revealed a linear relationship with p = +1.83.
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