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Suppor t ing Informat ion Placeholder

ABSTRACT:  Mechan ist ic in vest igat ion of gold(I)-
cata l yzed intramolecula r a l lene h ydroa l ko x y la-
t ion estab l ished a mechan ism in vo l v ing rap id and 
re ve rs ib le C–O bond format ion fo l lo wed b y turn-
ove r- l imit ing p rotodeaurat ion f rom a mono(gold) 
v in y l comp le x.  Th is on-c y c le path wa y competes 
w i th cata l yst aggregat ion and format ion of an of f-
c y c le b is(gold) v in y l comp le x.  

Ove r the past decade, the app l icat ions of solu-
b le gold(I) comp le xes as cata l ysts for organ ic 
t ransformat ions, in part icu la r the e lectroph i l i c  
act i vat ion of C–C mult ip le bonds, ha ve inc reased 
dramat ica l l y.1  In contrast to the ex tens i ve de ve l-
opment of the synthet ic aspects of gold(I) π-
act i vat ion cata l ys is, the mechan isms of these 
t ransformat ions remain poor l y def ined and are 
der i ved large l y f rom computat ional ana l yses.2  
Howe ve r, expe r imenta l e v idence pe rta in ing to 
the mechan isms of gold(I) π-act i va t ion cata l ys is,   
notab l y the in situ detect ion and/or independen t 
synthesis of potent ia l cata l y t ic inte rmediates, 
has begun to emerge.3-5  Perhaps most intr iguing 
among these potent ia l inte rmediates are the 
b is(gold) v in y l  comp le xes formed v ia the addit io n 
of nuc leoph i les to a l lenes or a l k y nes in the pres-
ence of gold(I).5,6  Howe ve r, the ex tent to wh ic h 
format ion of b is(gold) spec ies rep resent a genera l  
phenomenon in gold π-act i vat ion cata l ys is re-
mains unc lea r and lac k ing is informat ion regard-
ing the beha v io r of b is(gold) v in y l spec ies v is-à-
v is mono(gold) v in y l comp le xes4 under cata l y t i c  
condi t ions.  

Here in we report the mechan ist ic in vest iga-
t ion of the gold(I)-cata l yzed intramolecular h y-
droal kox y la t ion of 2,2-diphen y l-4,5-hexadien-1-o l 
(1) to form 2-v in y l te trah ydrofuran 2 (eq 1),7 wh ic h 
rep resents the f i rst mechan ist ic anal ys is of gold-
cata l yzed h ydroal ko x y la t ion.  Important l y, th is 
in vest igat ion del ineates the cata l y t ic beha v io r 
and inte rp la y of the mono(gold) and bis(gold) v i-
n y l comp le xes generated under cata l y t ic condi-

t ions and estab l ishes the re ve rs ib i l i t y of C–O 
bond format ion.8-10 

(L)AuCl (5 mol %)
[L = P(t-Bu)2o-biphenyl]

AgOTs (5 mol %)
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Ph
Ph

OH

Ph
Ph

toluene, 24 °C, 3 min
91%
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1 2  
In an ef for t to inte rcept gold v in y l inte rmedi-

ates in the gold(I)-cata l yzed con ve rs ion of 1 to 2, a 
tol uene suspension of 1, (L)AuCl [L = P(t-Bu)2o-
b iphen y l], AgOTs, and Et3N (1:1:1:2) was st i r red at 
room tempe rature for 1.5 h (Scheme 1).11  Aqueous 
wo r k up and cr ysta l l izat ion f rom warm he xanes 
gave mono(gold) v in y l comp le x 3 in 87% y ie ld as 
an a i r- and the rmal l y stab le wh i te sol id that was 
fu l l y characte r ized b y spectroscop y and X-ra y 
c r ysta l lograph y (Figure 1).  Treatment of 3 (31 
mM) w ith (L)AuOTs (1 equi v) in CD2Cl2 at 0 °C led 
to immediate (≤5 min) format ion of the b is(gold) 
v in y l comp le x 4 in 98 ± 5% y ie ld b y 1H NMR  
(Scheme 1).  Comp le x 4 persisted indef in i te l y in 
solut ion at th is tempe rature but decomposed 
w hen concentrated and was therefore characte r-
ized in solut ion.  Notab l y, the 31P NMR spectr um 
of 4 disp la yed a 1:1 rat io of resonances at δ 61.7 
and 60.9, wh ich estab l ished the presence of 
chemica l l y inequi va lent (L)Au f ragments, wh i l e 
the la rge dif fe rence in the 1H NMR shi f ts of the 
v in y l ic p rotons of 4 [δ 4.84 and 3.90] relat i ve to 
those of 3 [δ 5.48 and 4.45] estab l ished inte ract io n 
of the v in y l moiet y of 4 w i th both (L)Au+ frag-
ments.  
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Figure 1.  ORTEP diagram of 3.  El l i psoids are sho w n 
at 50% probab i l i t y and h ydrogen atoms have been 
omit ted for c lar i t y.  Selected bond lengths (Å) and 
angles (deg):  Au1–C2 = 2.048(7), Au1–P1 = 2.3163(16), 
C1–C2 = 1.333(11), C2–C3 = 1.518(10), C2–Au1–P1 = 
1 74.3(2), C1–C2–Au1 = 120.5(6), C3–C2–Au1 = 122.4(5), 
C1–C2–C3 = 11 7.0(7). 

To e va l uate the re le vance of v in y l gold com-
p le xes 3 and 4 in the gold-cata l yzed con ve rsion of 
1 to 2, we in vest igated the react ion of 1 w i th 
(L)AuOTs under sto ich iometr ic and cata l y t ic con-
dit ions.  React ion of a equimola r solut ion of 1 (55 
mM) and (L)AuOTs in CD2Cl2 at –80 °C led to imme-
diate (≤10 min) format ion of a 1:1 mix ture of 1 and 
4 w i thout generat ion of detectab le quant i t ies of 3 
or 2, wh ich estab l ished the fac i l i t y of both C–O 
bond format ion and aggregat ion re lat i ve to p ro-
todeaurat ion (Scheme 2). Warming th is solut ion to 
–30 °C for 3 h led to format ion of 2 in 94 ± 5% y ie ld 
(1H NMR) w i th concomitant regenerat ion of 
(L)AuOTs.  When a solut ion of 1 (120 mM) and a 
cata l y t ic amount of (L)AuOTs (5 mol %) in CD2Cl2 
at –30 °C was mon itored per iodica l l y b y 31P NMR 
spectroscop y, resonances cor responding to 4 ap-
peared immediate l y, pe rs isted throughout ~95% 
con ve rs ion as the onl y detectab le organometa l l i c  
spec ies, and then disappeared w i th regenerat io n 
of (L)AuOTs (δ 53.5).  Kinet ic ana l ys is of the gold-
cata l yzed con ve rsion of 1 to 2 under s imi la r con-
dit ions re vea led a deute r ium KIE of kH/kD = 5.3 
upon subst i tut ion of 1 w i th 1-O-d (94% d).12 
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Scheme 2 

We l i ke w ise in vest igated the p rotonol ys is be-
ha v io r of v in y l gold comp le xes 3 and 4.  Treat-
ment of mono(gold) v in y l spec ies 3 w i th TsOH (2 

equi v) at 25 °C led to immediate (≤10 min) forma-
t ion of tetrah ydrofuran 2 in 99 ± 5% y ie ld (1H 
NMR;  Scheme 2).12  Howe ve r, 1H NMR ana l ys is of 
the react ion of 3 w i th TsOH (1.3 equi v) at –80 °C 
re vea led immediate (≤5 min) retroc y c l iza-
t ion/aggregat ion to form a ~1:1 mix ture of 1 and 4 
in >90% comb ined y ie ld, a long w i th t races (~8%) 
of 2 (Scheme 2).  Warming th is solut ion at 0 °C fo r 
20 min led to comp lete (97 ± 5% y ie ld b y 1H NMR) 
con ve rs ion to 2 and (L)AuOTs (Scheme 2). Inde-
pendent k inet ic anal ys is of the react ion of 4 (40 
mM) w ith HOTs at 5 °C in CD2Cl2 re vea led ~zeroth 
order dependence on [HOTs] from 38 to 152 mM 
w ith no s ign if i cant deute r ium KIE (kH/kD = 0.9) 
for the react ion of 4 w i th DOTs (38 mM).  Both ob-
ser vat ions point to a mechan ism for the con ve r-
sion of 4 to 2 in vo l v ing rate-l imit ing disp ropor-
t ionat ion of 4 into 3 and (L)AuOTs fol lo wed b y 
rap id protodeaurat ion of 3;  howe ve r, it must be 
noted that the concentrat ions of both 4 and HOTs 
in these ex pe r iments e xceed those present unde r 
cata l y t ic condit ions b y an order of magni tude.  

The expe r imenta l obser vat ions descr ibe here in 
and elsewhe re7,13 suppor t a mechan ism for the 
gold-cata l yzed con ve rsion of 1 to 2 in vo l v in g 
rap id and re ve rs ib le oute r-sphere C–O bond for-
mat ion7 from the unobser ved gold π-al lene com-
p le x I13 to form mono(gold) v in y l comp le x 3 w i th 
re lease of HOTs (Scheme 3).  Comp le x 3 undergoes 
turno ve r- l imit ing p rotodeaurat ion w i th HOTs to 
form 2 and (L)AuOTs or, a l ternat i ve l y, 3 is re-
ve rs ib l y sequeste red b y (L)Au+ to form 4 in an of f-
c y c le path wa y (Scheme 3).  Al l a va i lab le e v i-
dence, notab l y the la rge deute r ium KIE of cata-
l y t ic h ydroa l ko x y lat ion, points to turno ve r-
l imit ing protodeaurat ion, wh i le the k inet ics and 
KIE of the stoich iometr ic react ion of 4 w i th HOTs 
argues strongl y aga inst the direct p rotonat ion of 
4.  
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Scheme 3 

W ith a wor k ing mechanism in p lace, we sough t 
to more fu l l y de l ineate the inte rp la y betwee n 
mono(gold) and b is(gold) v in y l comp le xes dur ing 
cata l ys is and to l ike w ise e va l uate the re ve rs ib i l-
i t y of C–O bond format ion under cata l y t ic condi-

Page 2 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3 

 

t ions.  To th is end, we per formed a deute r ium-
labe l ing e xpe r iment that a l lo wed the e vo lut io n 
of bis(gold) v in y l comp le x 4 to be ana l yzed inde-
pendent l y f rom on-c yc le cata l y t ic turno ve r.  Spe-
c i f i ca l l y, an equimola r mi x ture of 4 and HOTs (1.4 
mM) was generated in situ f rom react ion of 1 and 
(L)AuOTs (1:2) at –78 °C in CD2Cl2 (Scheme 4).  This 
solut ion was treated w i th excess 1,1-dideute r io-
2,2-diphen y l-4,5-hexadien-1-ol (1-d2;  29 mM) at –78 
°C, warmed to –45 °C, and monitored per iodica l l y 
b y 1H NMR spectroscop y (Scheme 4).  Plots of [4], 
[4 + 4-d2], [2], and [2 + 2-d2] ve rsus time ear l y in 
the react ion (2-7% con ve rs ion)14 pro v ided in i t ia l  
rate va l ues for the consumption of 4 (k4 = ‒3.8 ± 
0.1 × 10–3 mM min–1) and 4 + 4-d2 (k4tot = ‒0.61 ± 0.02 
× 10–3 mM min–1) and for the appearance of 2 (k2 = 
0.74 ± 0.04 × 10–3 mM min–1) and 2 + 2-d2 (k2tot = 9.1 
± 0.1 × 10–3 mM min–1) (Figure 2).  These data re-
vea l that the rate of tota l p roduct format ion [2-dx;  
x = 0,2] was ~2.5 times greate r than was the rate at 
w h ich 4 was consumed, wh ich, in turn, was ~5 
t imes greate r than the rate of format ion of 2 (Fig-
ure 2).  Two impor tant conc l us ions we re dra w n 
f rom these obser vat ions.  Fi rst l y, ~70% of cata l ys t 
turno ve r b y passes the b is(gold) v in y l comp le x 4-
dx, wh ich sol idi f ies assignment of 4 as an of f-c yc l e 
cata l yst reser vo ir.  Secondl y, ~80% of mono(gold) 
v in y l  comp le x 3 generated v ia disp ropor t iona-
t ion of p rot io 4 undergoes c yc lo re ve rs ion and 
l igand exchange rathe r than protodeaurat ion.15 
A lso wor th not ing was that ove r the same con ve r-
sion range noted abo ve (2-7%), the tota l concentra-
t ion of b is(gold) v in y l isotopomers [4-dx, X = 0,2] 
decreased b y ~8%, wh ich presumab l y ref lects the 
app roach to the steady-state distr ibut ion of (L)Au+ 
between 4-dx and on-c yc le mono(gold) comp le xes 
(Scheme 3). 
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Scheme 4.  Path wa ys for the consumption of 4 (1.4 
mM) in the p resence of 1-d2 (29 mM) in CD2Cl2 at –
45 °C. 

 

 

Figure 2. Concent rat ion ve rsus t ime plot for th e 
c y c l izat ion of 1-d2 (40 mM) cata l yzed b y in situ gen-
erated 4 (2 mM) in CD2Cl2 at –45 °C from ~2% to ~7% 
con ve rsion: [2 + 2- d2] (♦);  [2] ();  [4 + 4-d2] ();  [4] 
().   

In summar y, we ha ve e luc idated the mechan ism 
of the gold(I)-cata l yzed con ve rsion of 1 to 2, wh ic h 
rep resents the f i rst mechan ist ic anal ys is of gold-
cata l yzed h ydroa l ko x y lat ion.  The two ke y con-
c l usions dra wn f rom these studies are that (1) 
b is(gold) v in y l comp le x 4 is an off-c yc le cata l ys t 
reser vo ir and (2) C–O bond format ion is rap id and 
re ve rs ib le under cata l y t ic condit ions.  The pres-
ence of an of f-c yc le inte rmediate pro v ides both a 
ta rget for imp ro v ing cata l y t ic ef f i c ienc ies and a 
rat ionale for the enhanced react i v i t y of ster i-
ca l l y h indered phosph ine and carbene suppor t ing 
l igands (v is-à-v is PPh3) in man y gold(I)-cata l yzed 
react ions.1  Like w ise, re ve rs ib le C–O bond forma-
t ion has impor tant imp l icat ions regarding ste re-
ochemica l contro l in gold(I)-cata l yzed enant iose-
l ect i ve a l lene h ydrofunct ional izat ion.16  Spec i f i-
ca l l y, the resul t suggests that ex tant mechan ist i c 
models in vok ing stereochemica l l y dete rmin ing 
C–Nuc bond format ion may require re-eva l uat io n 
in the conte x t of stereochemica l l y-dete rmin ing 
p rotodeaurat ion of an equi l ib rat ing mix ture of 
diaste reomer ic gold v in y l comp le xes.   

ASSOCIATED CONTENT  
Supporting Information. Exper imenta l procedures 
and kinet ic, spect roscopic, and X-ra y cr ysta l lo-
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