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ABSTRACT: Treatment of the gold 3-methoxy-3-phenylpropyl complex (P)AuCH2CH2CH(OMe)Ph [P = P(¢-Bu)20-biphenyl]
with AIClz at -78 °C led to immediate (<5 min) formation of a 4:1 mixture of phenylcyclopropane and (1-
methoxypropyl)benzene in 86 + 5% combined yield. Lewis acid activation of the stereochemically pure isotopomer erythro-
(P)AuCH2CHDCH(OMe)Ph led to formation of cis-2-deuterio-1-phenylcyclopropane in 84 + 5% yield as a single stereoisomer,
which established that cyclopropanation occurred with inversion of the y-stereocenter. Similarly, ionization of the

I 1
stereochemically pure cyclohexyl gold complex cis-(P)AuCHCH,CH(OMe)CH,CH,CH, ot -78 °C formed bicyclo[3.1.0]hexane in
82% + 5% yield, which validated a low energy pathway for cyclopropanation involving inversion of the a-stereocenter. Taken
together, these observations are consistent with a mechanism for cyclopropane formation involving backside displacement
of both the Cy leaving group and the Coa (L)Au* fragment via a W-shaped transition state.

INTRODUCTION

Cationic gold(I) complexes have attracted considerable
attention over the past decade owing to the ability of these
complexes to catalyze a diverse range of transformations,
many of which have been postulated to involve cationic gold
carbene intermediates.! Of the transformations associated
with cationic gold carbene complexes, gold to alkene
carbene transfer (cyclopropanation) has perhaps generated
the most interest (eqs 1 and 2).23 This is due in part to the
stereoselectivity of gold-catalyzed cyclopropanation, which
occurs with retention of alkene configuration and often
with high levels of diastereo- and enantioselectivity, and to
the diverse range of carbene precursors including 1,n-
enynes, diazo compounds, propargylic esters,
cyclopropenes, 1,3,5-cycloheptatrienes, and simple alkynes
in combination with nucleophilic oxidants. 23 There has
likewise been considerable effort directed toward
understanding the structure and behavior of cationic gold
carbene complexes* and toward the synthesis of well-
defined gold carbene complexes that undergo carbene
transfer to alkenes.>®
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Despite the prevalence of gold to alkene carbene transfer,
the intimate mechanisms of these transformations remain

unclear. Both computation’1° and experiment’ point to
mechanisms for gold to alkene carbene transfer initiated by
nucleophilic attack of the alkene on the electrophilic
carbene carbon, but within this framework of electrophilic
cyclopropanation,’ a number of alkene- and carbene-
dependent mechanisms have been postulated. For example,
computational analysis of carbene transfer from gold to
aliphatic alkenes supports mechanisms involving
concerted, asynchronous cyclopropane formation involving
more advanced C-C formation to the less substituted alkene
carbon atom coupled with backside displacement of the
(L)Au* fragment (Scheme 1, path a). Conversely,
computational analyses of carbene transfer to vinyl ethers
or vinylarenes support stepwise mechanisms involving
formation of a y-carbenium ion intermediate that collapse
via backside displacement of the (L)Au* fragment (Scheme
1, path b).”-11 In the specific case of the cyclopropanation of
styrene, calculations predict that the y-carbenium ion
intermediate collapses faster than C-C bond rotation,
leading to retention of alkene configuration,” consistent
with experimental observations.2 However, these analyses

also identified low-lying reaction pathways for
cyclopropane formation involving cationic Au(III)
metallacyclobutane intermediates, which form

cyclopropanes via reductive elimination.”-11 The viability of
a metallacyclobutane pathway for gold-catalyzed alkene
cyclopropanation is likewise supported by the oxidative
addition of the gold(I) aryl complex A to form gold(III)
metallacyclopentane B and facile silver-induced reductive
elimination of B to form benzocyclobutene C (eq 3).12



Scheme 1. Representative potential reaction pathways for gold to alkene carbene transfer including (a) concerted
with backside displacement, (b) stepwise with backside displacement, and (c) stepwise with frontside displacement.
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Common to the potential mechanisms for gold to alkene
carbene transfer is the involvement of an intermediate
and/or transition state possessing full or partial positive
charge on the carbon atom y to gold that collapses via
electrophilic attack of Cy on Co with concomitant
displacement of the (L)Au fragment (Scheme 1).
Electrophilic attack of Cy on Ca. of a gold alkyl complex has
also been invoked on the basis of DFT calculations as the
product-releasing step in the gold-catalyzed
cyclopropanation of alkenes and allenes with stabilized
sulfonium ylides.!> However, no direct experimental
observations support the electrophilic attack of Cy on Ca of
a gold alkyl complex to form cyclopropane,'* although
analogous reactivity has been validated for iron,!516

platinum,” group IV18-20 and other nontransition metals.2!
25

We sought to validate the formation of cyclopropanes via
the electrophilic attack of Cy on Ca of a gold alkyl complex
by independently generating gold alkyl complexes bearing
an electrophilic y-carbon atom. In addition to establishing
the importance of an electrophilic carbon atom y to gold in
the carbene transfer process, stereochemical analysis of
cyclopropane formation might provide additional insight
into the intimate mechanism of gold to alkene carbene
transfer, in particular by distinguishing between front side
and backside displacement of the (L)Au fragment. Here we
report that Lewis acid activation of gold (y-methoxy)- and
(y-methylthio)propyl complexes forms cyclopropanes.
Stereochemical analysis of cyclopropane formation
supports a mechanism involving inversion of configuration
of both the Ca and Cy atoms, consistent with backside

complexes bearing a y-methoxy group to form thermally
unstable cationic gold(I) allenylidene?¢ and vinyl carbene®
complexes, respectively. Similarly, Brookhart and Casey
have independently demonstrated the Lewis acid-mediated
ionization/cyclopropanation of (y-methoxy)alkyl iron!>16
and zirconium complexes.?® On the basis of these
precedents, we targeted the gold 3-methoxy-3-
phenylpropyl complex (P)AuCH:CH:CH(OMe)Ph [1; P =
P(t-Bu)20-biphenyl] as a precursor for Lewis acid-mediated
cyclopropane formation, which would specifically model
the intermediate and/or transition state for the
cyclopropanation of styrene with the cationic gold
methylidene complex [(P)Au=CH:]*. More practically, we
hypothesized that the 3-phenyl group of 1 might facilitate
both the displacement of the v-leaving group and
characterization of the resultant cyclopropane. Thermally
stable 1 was synthesized via transmetallation of (P)AuCl
with either (3-methoxy-3-phenylpropyl)lithium or (3-
phenyl-3-phenylpropyl)pinacol borane (2) (Scheme 2) and
was characterized by spectroscopy, mass spectrometry, and
elemental analysis.?” In particular, the 13C NMR spectrum of
1 displayed a diagnostic doublet at 6 24.8 (J = 92.5 Hz)
assigned to the gold-bound carbon atom.?’



Scheme 2. Synthesis of 3-methoxy-3-phenylpropyl gold
complex 1.
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Treatment of 1 (24 mM) with AIClz (1.6 eq) in CD2Clz at -
78 °C led to immediate consumption of 1 to form a 4:1
mixture of phenylcyclopropane (3) and 1-methoxy-1-
phenylpropane (4) in 286 + 5% combined yield by 'H NMR
analysis (Table 1, entry 1). Although formation of the
protodeauration product 4 points to the presence of trace
amounts of Brgnsted acid in the reaction mixture, efforts to
diminish this side reaction, for example by employing
silanized glassware, were largely unsuccessful. We then
evaluated the efficiency of the cyclopropanation of 1 as a
function of Lewis acid. TMSOTf and BF3-OEt: reacted
rapidly (< 1 min) and quantitatively with 1 at -78 °C, but
with diminished selectivity for cyclopropane 3 (Table 1,
entries 2 and 3). Conversely, a mixture of TMSOTf (1.2
equiv) and pyridine (0.2 equiv) provided results
comparable to AlCl3, whereas AlEt2Cl activated 1 slowly at -
35°C, but with enhanced (>85%) selectivity for 3 (Table 1,
entries 5 and 6). Weaker Lewis acids such as CuOTf, AgOTf{,
ZnClz, AlEts, and PBrs showed no reactivity toward 1 at
ambient temperature (Table 1, entries 7-12).

Table 1. Lewis acid-mediated cyclopropanation of 1
(~36 mM).

OMe

/\)\ LeW|s acid
(P)Au Ph

TCo.ch,
1

A \)\OMe

yield 4 (%)?

entry T (°C) time (min) Lewis acid yield 3 (%)?

1 -78 <1 min AICl5 69 17
2 —-78 <1min  TMSCI <2 >98
3 -78 <1min TMSOTf 38 39
4 _78 <1min TMSOTf/py 61 24
5 -78 <1min BF;OEt, 52 26
6 -35 ~1h AlEt,Cl 76 11
7 25 - CuOTf - -
8 25 - AgOTf - -
9 25 - ZnCl, - -
10 25 - AlEts - -
1 25 - Al(OPr)3 - -
12 25 - PBr; - -

aDetermined by 'H NMR analysis of the crude reaction
mixture versus internal standard.

We were surprised by the apparent high sensitivity of 1
toward protodeauration,?® and questioned whether the y-
methoxy group facilitated protodeauration relative to a
simple gold alkyl complex. However, a pair of control
experiments argued against this contention as independent
treatment of both 1 and the gold n-butyl complex
(P)Au(CH2CH2 CH2CH3) with TfOH (24 mM; 1 equiv) at-78

°C led to immediate formation of 4 and n-butane,
respectively as the exclusive organic products (eqs 4 and 5).
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Cyclopropanation of a (y-sulfonium)propyl gold
complex. Maulide has recently reported the gold-catalyzed
cyclopropanation of alkenes and allenes with stabilized
sulfonium ylides.!3 DFT analysis of these transformations
support mechanisms involving outer-sphere attack of ylide
on a gold m-complex to form a gold (y-sulfonium)alkyl
complex followed by product-releasing electrophilic attack
of Cy on Ca with concomitant backside displacement of the
(L)Au fragment.’®> We therefore sought to independently
generate a gold (y-sulfonium)alkyl complex and validate the
cyclopropanation of this species. Indeed, in situ alkylation
of the (3-methylthiol-3-phenylpropyl)gold complex 5 with
methyl trifluoromethanesulfonate from -78 to -10 °C
formed a 66:34 mixture of 3 and methyl(1-
phenylpropyl)sulfane?® in 95 + 5% combined yield ('H
NMR) without observation of the presumed gold (y-
sulfonium) propyl intermediate I (Scheme 3).

Scheme 3. Methyl triflouromethanesulfonate-
mediated cyclopropanation of 5.
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Stereochemistry of cyclopropane formation. Two
general mechanisms exist for the electrophilic attack of Cy
on Co of a gold alkyl complex leading to cyclopropane
formation via Co-Cy bond formation and Coa-Au bond
cleavage. One mechanism involves the backside
displacement of the (L)Au* fragment leading to inversion of
configuration at Co and the second involves frontside
displacement of (L)Au*, either by a concerted pathway or a
stepwise mechanism involving a metallacyclobutane
intermediate, with retention of configuration at Ca (Scheme
1). We also considered two mechanisms for Cy-O bond
cleavage involving either concerted backside displacement
of the oxonium leaving group by the Au-Ca electron pair
leading to inversion of configuration at Cy or a stepwise
mechanism involving ionization followed by trapping of the
resultant y-carbenium ion, which would likely lead to
partial to complete loss of configuration at Cy. Therefore, in
an effort to distinguish between these potential reaction
manifolds, we investigated the stereochemistry of Lewis
acid-mediated cyclopropanation of y-methoxy gold alkyl
complexes.



Our first objective in this area was to determine
stereochemistry of  the Lewis acid-mediated
cyclopropanation of (3-phenyl-3-methoxy)propyl gold
complexes with respect to the y-position, which also proved
critical to the determination of stereochemistry with
respect to the a-position (see below). To this end, we
targeted the stereochemically pure 2-deuterio-3-phenyl-3-
methoxypropyl gold isotopomer erythro-
(P)AuCH2CHDCH(OMe)Ph (erythro-1-2-d1), generated via
transmetallation of erythro-(Bpin)CH.CHDCH(OMe)Ph
(erythro-2-2-di) with (P)AuCl (Scheme 4). Treatment of
erythro-1-2-di1 (295% d) with AlCls at -78 °C led to
formation of a 4.4:1 mixture of cis-2-deuterio-1-
phenylcyclopropane  (cis-3-2-di) and 2-deuterio-1-
methoxy-1-phenylpropane (4-2-di1) in 103 + 5% combined
(Scheme 4). Formation of cis-3-2-di1 as a single
stereoisomer (295%) was established by 'H NMR analysis
and homonuclear 'H-'H decoupling experiments. The
stereoselective conversion of erythro-1-2-di to cis-3-2-d1
established that cyclopropanation occurred with inversion
of configuration of the y-stereocenter. This result is
consistent with concerted backside displacement of the
oxonium group of intermediate II and argues strongly
against a stepwise mechanism involving a free carbenium
ion, which would be expected to occur with loss of
configuration of the y-stereocenter (Scheme 4). However,
we cannot rule out a mechanism involving a tight
carbenium-oxonium ion pair that retains configuration of
the Cy stereocenter.3?

Scheme 4. Synthesis and cyclopropanation of erythro-1-
2-d.
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Having established the net inversion of the y-stereocenter
in the cyclopropanation of erythro-1-2-di, we sought to
determine the stereochemistry of cyclopropanation with
respect to Co. In an initial attempt toward this objective, we
targeted the diastereomeric 1,2-dideuterated gold alkyl
complexes threo- and erythro- (P)AuCHDCHDC(OMe)Ph,
which we reasoned could be generated via transmetallation
of (P)AuCl with the appropriate 1,2-dideuterio-3-methoxy-
3-phenylpropyl pinacol boranes threo-2-1,2-dz and erythro-
2-1,2-d;, respectively (Scheme 5). The stereochemically
pure boronic esters threo-2-1,2-d; and erythro-2-1,2-d;
were synthesized via rhodium-catalyzed deuteration of
vinylboronic esters trans-6 and cis-6, respectively.3!
Independent transmetallation of (P)AuCl with threo-2-1,2-
dz and erythro-2-1,2-d: led to isolation of the gold propyl
complex 1-1,2-d> in 47% and 14 % yield, respectively
(Scheme 5). Unfortunately, 'H NMR analysis of the gold
complexes 1-1,2-d> generated from threo-2-1,2-d> and
erythro-2-1,2-d> were indistinguishable, indicating that

transmetallation had occurred with loss of configuration at
the Co..

Scheme 5. Synthesis of 1-1,2-d> with loss of
configuration at Co..
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As an alternative approach to determine the
stereochemistry of cyclopropanation with respect to Ca, we
targeted the cis-3- methoxycyclohexyl gold complex

cis- (P)AuCHCH CH(OMe)CH,CH, CH (cis-7).  This approach

was inspired by the work of Glueck, who reported the
stereoselective formation of the all equatorial gold menthyl
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complex (PPhy)AuCHCH,CH(Me)CH,CH,CH(CHMe,) via

transmetallation of PhsPAuCl with the Grignard reagent
derived from (-)menthyl chloride.3? Because both the
(P)Au moiety and methoxy groups of cis-7 would
presumably occupy equatorial orientations, cis-7 would be
particularly susceptible to cyclopropanation via a double
inversion mechanism upon treatment with Lewis acid
(Scheme 6). Conversely, although complex cis-7 could
potentially access the higher-energy axial-axial
conformation in solution (ax.axcis-7), this conformer
would not allow for cyclopropanation via a Ca retention/Cy
inversion pathway, the latter of which was established for
the cyclopropanation of erythro-1-2-d. For this reason,
efficient Lewis acid-mediated cyclopropanation of cis-7
would validate cyclopropanation with inversion of the Ca
stereocenter.

Scheme 6. Synthesis and Lewis acid-mediated
cyclopropanation of cis-7 to form bicyclo[3.1.0]hexane.
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Transmetallation of (P)AuCl with the Grignard reagent
generated from cis-1-chloro-3-methoxycyclohexane led to
isolation of cis-7 in 20% yield as a single diastereomer as
determined by 'H and 3P NMR analysis. The 13C NMR
spectrum of cis-7 displayed a diagnostic doublet at 6 42.7
(d,J=99.2 Hz) assigned to the gold-bound carbon atom.27:32
The equatorial orientation of both the (P)Au and methoxy
groups of cis-7 was established by the presence of large 3/un



axial-axial coupling constants for both the Ha (6 0.65, ] =
12.5 Hz) and Hy protons (5 2.83, J = 10.3) in the 'H NMR
spectrum. Treatment of cis-7 with TMSOT{/pyridine (10:1)
at -78 °C led to immediate formation of a 5.1:1 mixture of
bicyclo[3.1.0]hexane and cyclohexyl methyl ether in 98 *
5% combined yield as determined by 'H NMR spectroscopy
(Scheme 6), thereby validating a double inversion
mechanism for the cyclopropanation of y-methoxy gold
alkyl complexes. As a caveat, we acknowledge that cis-7
represents a biased system because cyclization with
retention of Ca configuration is precluded from the outset.
Therefore, although the selective conversion of cis-7 to
bicyclo[3.1.0]hexane validates the double inversion
mechanism for cyclopropanation, this observation does not
rule out the possibility that cyclopropanation might also
occur through a competing pathway involving retention of
configuration at Co, although we do not consider this a
likely scenario.

The double inversion mechanism validated for the
conversion of cis-7 to bicyclo[3.1.0]hexane is consistent
with a W-shaped transition state where the back lobe of the
Au-Coa o-bond attacks the back lobe of the Cy-0 o-bond of
the oxonium intermediate (Figure 1). W-shaped transition
states have been invoked on the basis of stereochemical
analysis for a number of similar cyclopropane forming
transformations including the Lewis acid-mediated 1,3-
elimination of y-trialkylstannyl alcohols?! and 3-methoxy-3-
phenylpropyl zirconocene complexes,?? the solvolysis of y-
trialkylstannyl mesylates?? and y-trimethylsilyl
sulfonates,?? the base-promoted 1,3-elimination of y-
haloalkylboranes?* and y-sulfonylalkylboranes,? and the
1,3-elimination of y-functionalized alkyl iron complexes.1516
There are however exceptions to the preferential inversion
ofthe Co stereocenter in the formation of cyclopropanes via
1,3-elimination. ~Most notably, Jennings showed that
platinum (v-pyridinium)alkyl complexes formed
cyclopropanes via reductive elimination from a
metallacyclobutane intermediate.’”?  Similarly, Grubbs
demonstrated that thermolysis of y-iodo titanium alkyl
complexes formed cyclopropanes with retention of
configuration at Co.'® Casey showed that Lewis acid-
mediated cyclopropanation of alkyltitanium species
possessing a y-oxo group, generated as an intermediate in
the Kulinkovich hydroxycyclopropanation,3334 occurs with
retention of configuration at Co, consistent with a front-
side mechanism for ring closure.?® Interestingly, the
corresponding cyclopropanation of alkyltitanium species
possessing a y-iminium group generated as intermediates
in the de Meijere cyclopropylamine synthesis3*35 occurs
with inversion of configuration at Co.1%:20

Ph Ph
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Figure 1. Representations of the proposed W-shaped
transition state for Lewis acid-mediated cyclopropanation of 3-
methoxy-3-phenylpropyl gold complexes.

CONCLUSIONS

The Lewis acid activation of gold y-methoxy and y-
(thiomethyl) alkyl complexes forms cyclopropanes,
suggesting that gold to alkene carbene transfer similarly
involves intermediates and/or transition states bearing full
or partial positive charge at the y-carbon atom. The Lewis
acid-mediated cyclopropanation of erythro-1-2-d: to form
cis-3-2-d1 established inversion of the y-stereocenter,
consistent with backside displacement of the y-oxonium
leaving group by the Au-C electron pair as opposed to
formation of a free carbenium ion intermediate. This
observation, coupled with the facile Lewis acid mediated
cyclopropanation of cis-7 to form bicyclo[3.1.0]hexane
validated a double inversion mechanism for cyclopropane
formation consistent with a W-shaped transition state
where the back lobe of the Au-Ca o-bond attacks the back
lobe of the Cy-O o-bond (Figure 1). The Lewis acid
mediated cyclopropanation of 3-phenyl-3-
(thiomethyl)propyl gold complexes also supports Maulide's
proposed mechanism for the gold-catalyzed
cyclopropanation of alkenes and allenes with stabilized
sulfonium ylides involving the electrophilic attack of Cy on
Co of a gold (y-sulfonium)alkyl intermediate.!3

EXPERIMENTAL SECTION

General methods. Reactions were performed under a nitrogen
atmosphere in flame dried glassware. Room temperature is 25 °C.
NMR spectra were obtained on a Varian spectrometer operating at
400 and 500 MHz for 1H, 125 MHz for 13C, and 162 or 202 MHz for
31P at 25 °C unless noted otherwise. 13C NMR spectra were
referenced relative to CD2Clz (6 53.8) or CDCl3 (8 77.2), 'H NMR
spectra were referenced relative to residual CHClz (8 7.26) or
CHDCI: (6 5.32). 31P NMR spectra were referenced relative to an
external solution of triphenylphosphine oxide in CD:Clz (6 26.9).
NMR probe temperatures were measured from a single scan of
neat methanol36NMR tubes wused for cyclopropanation
experiments were silanized before wuse.3” Flash column
chromatography was performed employing 200-400 mesh silica
gel 60 (EM). Thin layer chromatography (TLC) was performed on
silica gel 60 F254. CD2Clz was dried over CaHz and degassed prior
to use. Ether, methylene chloride, and THF were purified by
passage through columns of activated alumina under nitrogen.
Reagents and other materials were obtained through major
chemical suppliers and were used as received unless noted
otherwise. Boronic ester 2 was synthesized employing a modified
version of the procedure reported by Liu.38 erythro-2-2-d1 Was
prepared in two steps from cis-B-deuterio-styrene oxide3?
employing the procedure reported by Fu.4? threo- And erythro-2-
1,2-d2 were prepared employing modified version of the
procedures reported by Morken.#! Vinyl boronic esters (E)-6 and
(2)-6 were prepared employing modified versions of the
procedures reported by Frost,*2 and Miyaura,*3 respectively. 3-
Bromo-1-methoxypropyl)benzene,#*  3-methylthio-3-phenyl-1-
propanol,*5cis-1-chloro-3-methoxycyclohexane*¢ and 1-methoxy-
1-phenylpropyne*’” were prepared by employing known
procedures.

Synthesis of Gold Alkyl Complexes

[P(*Bu)z0-biphenyl]AuCH.CH2C(OMe)Ph (1), Procedure 1. A
solution of (3-bromo-1-methoxypropyl)benzene (81.6 mg, 0.30
mmol) in diethyl ether (1.5 mL) was added dropwise to a solution
of tBuLi (0.59 mmol) in diethyl ether (0.5 mL) at -78 °C to give a
bright yellow solution which was stirred for 5 min. To this, a
solution of (P)AuCl (157 mg, 0.30 mmol) in CH2Clz (1.5 mL) was



added dropwise at -78 °C to form a colorless solution that was
warmed slowly to 0 °C and then stirred at 4 °C for 15 h. The
resulting slightly murky solution was concentrated under vacuum.
The resulting white solid was dissolved in hexanes-EtOAc = 9:1
and filtered through basic alumina. The filtrate was concentrated,
triturated with pentanes, and dried under vacuum to give 1 (119
mg, 63%) as white solid.

Complex 1, Procedure 2. Complex 1 was synthesized
employing a procedure similar to that reported by Hashmi.48 A
solution of 2 (59 mg, 0.21 mmol), (P)AuCl (113.0 mg, 0.21 mmol)
and Cs2C03 (69 mg, 0.21 mmol) in iPrOH (2.1 mL) was stirred at 50
°C for two days. The reaction mixture was cooled to room
temperature and concentrated under vacuum. The resulting white
solid was dissolved in hexanes-EtOAc = 9:1 and filtered through
thin pad of basic alumina, concentrated, and the procedure was
repeated. The resulting oil was triturated with pentane to give 1
(46 mg, 33 %) as a white solid.

For 1: THNMR: 8 7.85 (t,/ = 6.5, 1H), 7.41 (p, ) = 7.4, 2H), 7.36 -
7.17 (m, 8H), 7.15 - 7.07 (m, 3H), 3.97 (dd, J = 6.2, 7.2 Hz, 1H), 3.20
(s,3H),2.10-1.96 (m, 1H), 1.82 - 1.69 (m, 1H), 1.38 (d, /= 14.1 Hz,
18H), 0.38 - 0.19 (m, 2H). 13C{1H} NMR (125 MHz, CDCl3): § 143.8,
143.4 (d,J=5.1 Hz), 135.5,132.9 (d,/ = 7.8 Hz), 129.7,129.4 (d, ] =
2.4 Hz), 128.0 (d, / = 5.4 Hz), 127.9, 127.0, 126.5, 126.4 (d, ] = 4.5
Hz), 90.1, 56.8, 40.3, 37.30 (d, J = 16.4 Hz), 37.26 (d, / = 16.4 Hz),
31.1 (d,J = 7.2 Hz), 24.8 (d, ] = 92.5 Hz). 31P{1H} NMR (202 MHz,
CDCl3): 86 65.5. Anal calcd. (found) for CsoH40AuOP: C, 55.90
(55.72); H, 6.26 (6.24). HRMS (ESI) calcd. (found) for C3oH40AuOP
(MH)*: 645.2555 (645.2549).

erythro-(P)AuCH2:CHDCH(OMe)Ph  (erythro-1-2-d1). A
solution of erythro-2-2-di (55 mg, 0.20 mmol), (P)AuCl (105 mg,
0.20 mmol) and Cs2C03 (65 mg, 0.20 mmol) in iPrOH (2.3 mL) and
CHzCl: (0.2 mL) was stirred at 50 °C for 24 h. The reaction mixture
was cooled to room temperature and concentrated under vacuum.
The resulting white solid was dissolved in hexanes-EtOAc = 9:1
and filtered through a thin pad of basic alumina, concentrated, and
the procedure was repeated. The resulting oil was triturated with
pentane to give erythro-1-2-di1 as white solid (22 mg, 17 %). 'H
NMR (400 MHz, CDCls; selected peaks): 6 3.96 (d, ] = 6.0 Hz, 1H),
2.01 (m, 1H), 0.36-0.18 (m, 2H). Comparison of the intensity of the
resonances at & 2.01 and 81.76 corresponding to the
diastereotopic protons  to gold established 295% deuterium
incorporation at one of the two positions f3 to gold.

(P)AuCHDCHDCH(OMe)Ph (1-1,2-dz). Isotopomer 1-1,2-d
was synthesized from boronic esters threo-2-1,2-dz or erythro-2-
1,2-d> employing procedures analogous to that used to synthesize
erythro-1-2-d1 in 72% yield (from threo-2-1,2-dz2) and 14% yield
(from erythro-2-1,2-dz) as white solids. The 'H NMR spectra of 1-
1,2-d> prepared from both threo-2-1,2-d> and erythro-2-1,2-d2
were indistinguishable as were homonuclear 'H-'H decoupling
experiments, thus confirming the scrambling of the Ca
stereocenter. 1H NMR (500 MHz, CDCls): & 7.85 (dd, /= 7.5, 4.9 Hz,
1H), 7.41 (t,J=7.5 Hz, 2H), 7.34 - 7.18 (m, 8H), 7.16 - 7.06 (m, 3H),
3.96 (d, ] = 6.8 Hz, 1H), 3.20 (s, 3H), 2.06 - 1.97 (m, 0.5H), 1.80 -
1.70 (m, 0.5H), 1.38 (d, /= 14.2 Hz, 18H), 0.36 - 0.27 (m, 0.5H), 0.27
-0.17 (m, 0.5H).

(P)AuCH:CH2CH(SMe)Ph (5). A solution of (3-bromo-1-
phenylpropyl) (methyl)sulfane (50.1 mg, 0.20 mmol) in diethyl
ether (0.8 mL) was added dropwise to a solution of tBuLi (0.40
mmol) in diethyl ether (0.7 mL) at -78 °C and stirred for 5 min. To
the resulting light yellow solution, a solution of (P)AuCl (16.2 mg,
0.20 mmol) in CH2Clz (0.7 mL) was added dropwise at -78 °C to
form a colorless solution that was warmed slowly to 0 °C and
stirred at room temperature for 30 min. The resulting slightly
murky solution was concentrated under vacuum to give white
solid. The crude solid was dissolved in hexanes-EtOAc = 9:1 and
the resulting mixture was filtered through basic alumina. The
filtrate was concentrated, triturated with pentanes, and dried
under vacuum to give 5 (46.4 mg, 35 %) as white solid. 'H NMR
(500 MHz, CDCl3): & 7.85 (ddd, /= 7.6, 5.8, 1.8 Hz, 1H), 7.46 - 7.37

(m, 2H), 7.33 - 7.14 (m, 9H), 7.10 (d, ] = 7.4 Hz, 1H), 7.08 (d,] = 7.4
Hz, 1H), 3.55 (dd, / = 8.3, 6.0 Hz, 1H), 2.01 (dtd,J = 11.9, 8.2, 5.9 Hz,
2H), 1.85 (s, 3H), 1.38 (d, ] = 14.1 Hz, 8H), 1.37 (d, ] = 14.1 Hz, 9H),
0.42 - 0.31 (m, 2H). 3C{tH} NMR (125 MHz, CDCl3): 5 150.6 (d, ] =
17.4 Hz), 144.1, 143.4, 135.5, 132.9 (d, ] = 7.8 Hz), 129.8, 129.5,
128.6,128.1,127.1,126.5 (d, ] = 3.8 Hz), 126.4,57.9 (d, ] = 6.9 Hz),
37.4 (d,]=17.3 Hz), 37.3 (d,] = 16.5 Hz), 312 (d,] = 4.6 Hz), 31.1,
27.7 (d,] = 91.6 Hz), 14.9. 31P{tH} NMR (162 MHz, CDCl3): & 65.5.

HRMS (ESI) calcd. (found) for CsoH41AuPS (MH)*: 661.2327
(661.2326).
I 1
cis-(P)AuCHCH,CHOMe)CH,CH,CH, (¢is-T). A slurry of

magnesium powder (100 mg. 4.1 mmol) and 1,2-dibromoethane
(30 pL) in THF (1 mL) was stirred at 50 °C for 20 min. A solution
of cis-1-chloro-3-methoxycyclohexane (300 mg, 2.0 mmol) in THF
(0.8 mL) was added to the slurry and the resulting suspension was
heated at reflux for 5 h. After cooling to room temperature and
allowing the excess Mg to settle, 0.6 mL of the dark gray solution
was transferred to a solution of (P)AuOTf (120 mg, 0.19 mmol) in
THF (10 mL), and stirred for 12 h. The resulting mixture was
concentrated, filtered through a thin pad of basic alumina with
hexanes-EtOAc = 9:1, concentrated, redissolved in pentane, and
recrystallized at -20 °C to give cis-7 as slightly off white solid (23.0
mg, 20 % from (P)AuOTf). *H NMR (500 MHz, CDCIs): 6 7.85 (ddd,
J=175,55,2.1 Hz, 1H), 7.45 - 7.34 (m, 5H), 7.20 (ddd, /= 7.5, 4.1,
1.9 Hz, 1H), 7.15 (dd, ] = 7.0, 2.3 Hz, 2H), 3.33 (s, 3H), 2.76 (tt,] =
10.3,3.6 Hz, 1H), 2.09 (dq, /= 12.4, 3.1 Hz, 1H), 1.93 - 1.84 (m, 1H),
1.70 (dq,J = 9.3, 3.1 Hz, 1H), 1.35 (dt, J = 14.0, 2.4 Hz, 17H), 0.58
(tdt,J =12.5 Hz, 9.0, 3.1 Hz, 1H). 13C{*H} NMR (125 MHz, CDCl3): &
143.2,135.6,132.8 (d,/=7.4 Hz), 129.9 (d,] = 25 Hz), 129.8,129.6,
128.5 (d, /J=5.2 Hz), 128.1, 127.1,126.4 (d, /= 3.3 Hz), 83.3 (d,] =
9.4 Hz), 55.5,42.7 (d, ] = 99.2 Hz), 42.3, 37.2 (d, = 16.1 Hz), 36.3
(d,J=4.5Hz),33.8,31.2 (d, /= 7.7 Hz), 29.5 (d, ] = 9.3 Hz). 31P{1H}
NMR (162 MHz, CDCl3): 8 63.5.

Cyclopropanation of Gold Alkyl Complexes

General procedure for cyclopropanation of 1. A solution of 1
(144 mg, 2.23 x 10-2 mmol) in CD2Cl> (0.25 mL) was added
dropwise with constant agitation to a silanized NMR tube
containing Lewis acid (1.5 - 2.0 equiv) and nitrobenzene or CH2Br2
(internal standard) in CD2Cl2 (0.35 mL) at -78 °C to give a colorless
solution. The tube was placed in the probe of an NMR
spectrometer precooled at -78 °C and analyzed by 'H NMR
spectroscopy. The yields for cyclopropanation and
protodeauration were determined by integrating the 'H NMR
resonances for 3 at 5 0.93 or 8 0.63 and for 4 at & 3.99 relative to
the resonance of nitrobenzene at 4 8.20 or CHzBr2 at 6 4.96 in the
H NMR spectrum. The 'H NMR spectroscopy of 3 and 4 were
consistent with published data.49.50

For 3: 'H NMR (-20 °C, 500 MHz, CD:Cly; aliphatic resonances):
8 1.85 (tt, /=8.8, 5.1 Hz, 1H), 0.94 (m, 2H), 0.65 (m, 2H).

For 4: 1H NMR (-20 °C, 500 MHz, CD:Clz; aliphatic resonances):
83.97 (t,J = 6.7 Hz, 1H), 3.13 (s, 3H), 1.73 (m, 2H), 0.83 (m, 3H).

Cyclopropanation of erythro-1-2-di. A solution of erythro-1-
2-d1 (11 mg, 1.7 x 10-2 mmol) in CD2Cl2 (0.2 mL) was added via
syringe to an NMR tube containing a solution of CH2Br2 (2.5 x 10-3
mmol; internal standard) and AlClz (2.7 mg, 2.0 x 102 mmol) in
CD2Cl2 (0.3 mL) at -78 °C and the tube was washed with additional
CD2Clz (0.2 mL). The tube was placed in the probe of an NMR
spectrometer precooled at -78 °C. The yields of cis-3-d1 and 4-2-
d1 were determined by integrating the resonances at & 1.84 and
8 0.82 corresponding to the benzylic proton of cis-3-d1 and the
methyl resonance of 4-2-ds, respectively, relative to the resonance
of CHzBrz at 64.96 in 'H NMR spectrum. Integration of the
resonances at § 1.84 and § 0.66 corresponding to the benzylic and
cis hydrogen resonances of cis-3-d1 gave a ratio of 1.00: 1.01,
indicating complete deuteration of one of the positions cis to the
phenyl group.5! The relative configuration of cis-3-d: was further
established by comparison of the 1TH NMR data to the reported



values’> and by selective homonuclear 'H-'H decoupling
experiments (see SI).

Cyclopropanation of cis-7. A solution of CHzBr: (0.73 mg, 4.2
x 10-3mmol; internal standard), TMSOTf (3.5 mg, 1.6 x 10-2mmol),
and pyridine (0.20 pL, 2.6 x 10-3 mmol) in CD2Cl2 (0.3 mL) was
added to a solution of cis-7 (8 mg, 1.3 x 10-2 mmol) in CD2Cl (0.2
mL) at -78 °C and the tube was washed with additional CD2Cl:
(0.15 mL). The tube was placed in the probe of an NMR
spectrometer precooled at -78 °C and monitored by 'H NMR
spectroscopy. Consumption of cis-7 was complete within 15 min
to form a mixture of TMSOMe, bicyclo[3.1.0]hexane (82%), and
cyclohexyl methyl ether (16%). The yield of bicyclo[3.1.0]hexane
and cyclohexyl methyl ether were determined by integrating the
exo cyclopropyl proton of bicyclo[3.1.0]hexane52 at § 0.26 and the
methoxy resonance of cyclohexyl methyl ethers3 § 3.28 relative to
the resonance of CHzBrzat § 4.96 in 'H NMR spectrum.
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