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ABSTRACT: Under H, pressure, Co"(dmgBF,),L, (L = H,0, THE) f[M]>>[M-H]
generates a low concentration of an He donor. Transfer of the He onto ( \ ( H \

H
<‘ OMe

an olefin gives a radical that can either (1) transfer an He back to the § PMe - </, :OMe M
metal, generating an isomerized olefin, or (2) add intramolecularly to a PH Y pH
double bond, generating a cyclized radical. Transfer of an He back to the isomerization

metal from the cyclized radical results in a cycloisomerization. Both o
outcomes are favored by the low concentration of the cobalt He donor, H/I ﬂ’
whereas hydrogenation and cyclohydrogenation are more likely with Ve,

. o T Ph
other catalysts (when the concentration of the He donor is high). — \. J cyclmsomerlzat-on
H- Transfer H+ Abstraction

IS

B INTRODUCTION

The use of transition-metal hydrides to isomerize olefins has ¢/' 0.

been known for many years. The best-known early example, with RO” "Co N4 g
HRh(CO),(PPh;);, was published by Wilkinson in 1970.' VO’NY\ o/(IZI o

Generally, these reactions are thought to occur by (1) insertion

of the olefin into the M—H bond and (2) #-hydrogen elimination Co(dmgBFa)oLy (i:}:al’B“ téi;)
in the opposite direction along the carbon chain. Many of the 1a:L=Hy0 2
hydride-catalyzed olefin isomerizations discussed in a recent 1b: L =THF

review” occur by this mechanism.** Ph. _Ph

to alkenes® and alkynes from CpCr(CO);H have been reported, 8 ast(T 022 13?1H6

giving the relative rates shown in Scheme 1, and enabling us to 3

predict which radicals will be formed. Abstraction of an He from with Svfft‘ﬁrflgpggtk 1%
a different carbon would result in isomerization. )

talyst
A plausible alternative mechanism for isomerization begins | (ganfoﬁ';)
with hydrogen atom transfer, or HAT.® The rates of He transfer
MeO,C MeOZC

MeOZC

We have reported the isomerization of 3 to 4 (via 3R) can 2 (2 mol%) /H)H /H)H
be catalyzed in low yield by CpCr(CO);H under H, (eq 1), and CSH”/\'\f PhSiHs (2 mol%) CaHir™ S @
in much higher yield by a cobaloxime like 1a under H,.” The CeHg, 22°C
Shenvi group has reported that the cobalt salen complex 2, when
treated with PhSiH;, can effect isomerizations (e.g., eq 2),"" also as well as the retrocycloisomerization of substrates that contain
apparently via HAT from a cobalt-based He donor. In both cases strained rings."*
the isomerization goes from a 1-substituted or 1,1-disubstituted We also observed a cycloisomerization in one cobaloxime-
double bond to only the first internal position, and does not catalyzed case (eq 9, below),” and became interested in the
proceed to the most stable alkene.'*"" factors determining the outcome of such reactions. We now offer
With appropriate diene substrates (like 5), the radical formed a detailed account of the catalysis of the isomerization of olefins,
by HAT can cyclize (e.g, to 6R).”>”*'" With traditional He and of the cyclmsomerlzatlon of dienes, by Co(dmgBF,),(THF),
donors (such as SnBuyH) the result is a reductive cyclization, or (1b) under H,."*

cyclohydrogenation (e.g., generating 6). Alternatively, the removal

of a hydrogen atom from the cyclized radical will give a B EXPERIMENTAL SECTION

cycloisomerization_l2 We first became aware of this possibility All manipulations were performed under an argon atmosphere using
when we observed that some cyclization substrates—those with standard Schlenk or inert atmosphere box techniques. NMR spectra
sterically accessible methyl groups—lost an He with a catalyst that were taken on either a Bruker 300, 400, or S00 MHz spectrometer. IR
normally effected cyclohydrogenatlon (CpCr(CO);H in eq 3"
or HV(CO),dppe in eq 4*). The Shenvi group has reported Received: April 5, 2016
additional examples with the cobalt-containing 2 (eq $5), Published: May 11, 2016
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Scheme 1. Relative Rate of He Transfer to Various Olefins
from CpCr(CO);H
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spectra were taken with a Perkin-Elmer Spectrum 2000 FT-IR spec-
trometer. Crystal data, data collection and refinement parameters are

summarized in the Supporting Information, Table S1. The structures
were solved using direct methods and standard difference map
techniques, and were refined by full matrix least-squares procedures
on F? with SHELXTL (Version 6.1)."* Benzene and THF were distilled
from Na or K/benzophenone ketyl. Benzene-d; (Cambridge Isotope
Laboratories) was dried by distillation from K/benzophenone ketyl and
then deoxygenated by three freeze—pump—thaw cycles, then stored
over 3 A molecular sieves. All liquids were dried by distillation from
CaH, and then deoxygenated by three freeze—pump—thaw cycles and
stored under an argon atmosphere.

Procedure for Isomerization or Cycloisomerization Reac-
tions. Caution! All reactions under gas pressure should be properly shielded!
A solution of cobaloxime (1) (7 mol %) and benzene were prepared in a
Fischer—Porter reactor, and the substrate was added. The vessel was
sealed and then pressurized to 6 atm, and then placed in an oil bath
at 50 °C. After stirring for the amount of time indicated in the reaction
conditions, the reaction was allowed to return to room temperature, and
the H, pressure was vented. The crude reaction mixture was run through
a plug of silica, concentrated in-vacuo, then subjected to column
chromatography to afford the reaction products. Spectral details of all
the reaction products can be found in the Supporting Information.

B RESULTS AND DISCUSSION

Isomerization Reactions. Kinetic analysis of the rate at
which various Co(dmgBF,),L, activate H, in benzene has shown
that k; (eq 6) increases by an order of magnitude between
L=H,0 (1a) and L = THF (1b).' The THF complex 1b should
thus be more effective than la at catalyzing isomerizations
under H,, so 1b has been used in examining the scope of the
isomerization reaction. Even with 1b, however, these reactions
require a day or more under 6 atm of H, at S0 °C. (Because the
resting state of the catalyst is Co(1I),” the concentration of the
He donor'” is low.'*)

k
2Co(dmgBE),L, + H, — 2Co(dmgBE ), (L)H + 2L
CeHg (6)

From the results in Scheme 1, we expected that a terminal or
1,1-disubstituted olefin—with radical-stabilizing substituents—
would accept He effectively. Transfer to the methylene carbon
in 7, for example, resulted in its isomerization to the enol ether 8
(entry 1in Table 1). Such isomerizations'® have previously been
achieved with strong bases (e.g., n-BuLi),'” or with Lewis acidic
transition-metal catalysts (e.g., (PhyP);RhCI* or Ir(PCys);™"),
but a radical-based methodology should offer greater scope and
functional group tolerance.

Similarly, a phenyl-substituted allylic alcohol 9 is isomerized to
an aldehyde 10 (entry 2), presumably via an enol intermedi-
ate.'¥”> We expected a similar result with the carbomethoxy-
substituted allyl alcohol 11 (entry 3), but were surprised to
isolate a dienol ether 12 instead (which was identified by X-ray
crystallography, details in the Supporting Information). Presum-
ably, 11 first results in the generation of 13, which is in
equilibrium with its aldehyde tautomer 14 (see eq 7). We
prepared and isolated, by a reported method,” an equilibrium
mixture of 13 and 14, and subjected the mixture to the conditions

o}
OH O 1b (7 mol%) MeO
_

OMe 5 atm H,
CeHs 50 °C, 24 hr

% °C, Me O*HOMe
11 12, quant. M o (7)
L OH O J

\Hk - %OMe +11

CHs CH3
13
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Table 1. Cobalt-Catalyzed Isomerization Reactions

in Table 1. However, we did not observe the formation of 12, sug-
gesting that the latter is formed from the reaction of 13 or 14 with

entry substrate product yield? 12 under the influence of the cobalt catalyst 1b. A general method
cH for the synthesis of dienol ethers such as 12 has been reported,” and
3 .
: ” ~_OMe —55% several groups have reported d1e.n01 ethers as b?rprozcslucts, though
: they are probably formed by a different mechanism.
8 With unconjugated dienes (entries 4 and 7) we observed
CHs the selectivity predicted by the data in Scheme 1:* the
) e} 8% 1,1-disubstituted double bond, with a phenyl substituent, is
10 isomerized in preference to the terminal double bond. In entry 4
the result is a skipped diene in greater than 95% yield, while
OH © o] entry 7 gives an enol carbonate. These entries illustrate the
/\8\\0 mildness of our reaction conditions, as both of the functionalities
3 OMe = >95% ; :
Yk )\(/\O Me that result are quite reactive. Our results complement the recent
12 HAT isomerizations by Shenvi and co-workers: at room tem-
CH, perature their Co(salen) system isomerizes 1-decene (a model
4 ©)k/\/ ©)\/\/ >05% for the terminal double bonds in entries 4 and 7)," implying that
the He donor in their system is more reactive.
Donor substrates often inhibit metal catalyzed isomerizations
OTBDPS OTBDPS by preventing olefin coordination.”® However, the cobaloxime/
5 ()/H\j & 74% H, system tolerates free alcohols (entries 2, 3, 10), ketones
(entries 8, 9), carbonates (entry 7), and heterocycles (entries S,
10); this tolerance of Lewis bases is consistent with the fact that
the HAT reaction does not require coordination of the olefin.””
6 W W >05% A pyridine can also replace a phenyl (entry S) as the radical-
stabilizing substituent on the olefin substrate. The isomerization
reaction tolerates an aryl chloride (entry 6), indicating that a
o ~ o f chlorine atom is not easily abstracted by Co' (dmgBF,),L.
7 Ph Pg J/ Ph._~ P s 52% ' Scheme 2 shows the alternatives available to a radical 15R after it
\ﬂ/\o o Y‘qo © 86:14 £Z has been formed by He transfer to a substrate 1S. For the sub-
CHs strates in Table 1 the alternatives to isomerization (k,,[Me]) are in
o] principle hydrogenation (ky,,[M—H]) and back transfer
8 N Ph \/\/U\ CH, 75‘8235"/7:_2 (k. [Me]). However, we have not observed hydrogenation bypro-
CH, s ducts in any of the cases in Table 1, implying that ky,q[M—H] does
not compete effectively with k;,,[Me] when 1b is used as a catalyst.
(¢ With a stable hydride as an He donor’”~“%>"*% the second
9 Ph_~ 87% transfer is faster than the first. With CpCr(CO);H and
7723 EZ
m CHs a-cyclopropylstyrene, for example, Bullock has measured the
rate constant ky; as 3.4 X 10> M ™! s~ at and has estimated the rate
s 0 constant Ky, as 2.3 X 10’ M~! 57! (both at 22 °C, eq 8).”” In the
10 W W—/(O 65%
HaC OMe Ky = 3.4x10° M s Knya1 = 2.3 x10” M's™ Y
CpCr(CO)3H ) CpCr(CO)3H H ®
“Reaction conditions: 1b (7 mol%), 6 atm H,, C¢Hg at S0 °C for 1.5 d. Ph Ph Ph
Scheme 2. Alternatives Available to a Radical Formed by He Transfer to an Olefin
Ri~__Ry
isomerization
KeorIM] S R
MeO,C e
cycloisomerizatign \ ‘
R4 Rz R Rz Kiso2[M°] H M
| kn[M-H] H | cyclization MeO,C
o o cyc
MeO,C foll ]M602C R H Ry
1 15R cyclohydrogenation k M-
Ri~_R> Knya2M-HT
hydrogenation H | + M- Me0:C
Kinya1[M—H] H
MeO,C
7700 DOI: 10.1021/jacs.6b03509

J. Am. Chem. Soc. 2016, 138, 7698—7704


http://dx.doi.org/10.1021/jacs.6b03509

Journal of the American Chemical Society

cases in Table 1, however, the concentration of the cobalt He
donor is so low that the rate of the second transfer is negligible.

5-Exo Cyclizations and the Resulting Cycloisomeriza-
tions. If the radical generated by He transfer has an appropriate
internal double bond like 1SR, it can cyclize to a radical like 16R.
That radical, like 1SR, can accept another He (khydz[M—H],
cyclohydrogenation) or have an He abstracted (ki,[Me],
cycloisomerization). Our earlier work, with CpCr(CO),H and
HV(CO),dppe, largely gave cyclohydrogenation, although eqs 3
and 4 show exceptions. Such cycloisomerization reactions, which
neither add nor subtract atoms but merely rearrange those in the
starting material, offer excellent atom economy.”

Earlier we had also (in view of the ability of acyl substituents to
stabilize radicals)®® replaced the acrylate in eq 3 with an
enone.'””" With CpCr(CO);H, 17R accepted a second He
before it cyclized; however, with la we obtained 50%
cycloisomerization. We concluded that the cobalt catalyst not
only limited the hydrogenation of 17R, but abstracted an He

from the cyclized radical 18R (eq 9).
[ M\~ Ph
(0]

Ph  1a (7 mol%)

fo} 6 atm H,
CgHs, 50 °C, 24 hr
17 18, 50% yield ©)
J He transfer -+ abstraction T
=
Ph cyclization o Ph
07 :
H
H47rR 18R

Given the effectiveness of 1b at activating H, (see above), the
reaction in eq 9 should be faster with 1b as catalyst rather than 1a.
Indeed, catalyst 1b gives not only an increase in rate but an
improvement in yield (entry 1 in Table 2). Similar results are
obtained without a methyl substituent on the « carbon (entry 2),
though the double bond now moves to a position within the ring.
Acrylate esters give even better yields (entries 3—8), slightly
higher when the substituents on CS and C6 are trans (entry 3, 4)
(a pattern we observed earlier with CpCr(CO);H)."” Moderate
yields are obtained with the indole derivative in entry 9 and the
substituted benzene in entry 10, in both cases presumably
because the planarity of the aromatic system makes cyclization
more challenging.8b

As in the isomerization reactions in Table 1, our cobalt
cycloisomerization catalyst 1b tolerates an unprotected hydroxyl
substituent (entry 8), or an oxygen in the backbone (entry 7).
The latter is known to increase the rate of cyclization reactions,”
although 1b does not require this increase to produce good
yields. In contrast, the PhSiH;/Co(salen) system seems to
require heteroatom acceleration or the Thorpe—Ingold effect.'’
We expect the broad functional group tolerance demonstrated in
Table 1 to translate into functional group tolerance for
cycloisomerization—if the corresponding cyclizations are fast
enough.

After any of these substrates cyclizes to a five-membered ring,
the radical center moves to C6. A hydrogen atom can be abstracted
not only from any suitable substituent on C6 (entries S, 6,and 11)

MeO,C_Me Ri
5 Ry

7701

Table 2. Cycloisomerization Reactions

entry substrate product yield®
HsC CHj,
1 °© CHs o) _ 61%
x_Ph Ph
O CHjy
2 o 57%
x_Ph Ph
H3C COgMe
3 CO,Me é% >95%
x_Ph Ph
COMe H3;C CO,Me
4 = 92%
A Ph
Ph
COMe ""CO,Me
5 o 88%
R 3
Ph Ph 66:34 d.r.
CH,
CO,Me "'CO,Me
6 95%
N CH3 -
Ph Ph 54464,
COzMe
7 CO,Me é% >95%
O~ Ph 0 a
HsC CO,Me
HO
8 CO,Me HO _ 90%
o Ph Ph
N\ / Ph \ Ph
/ 0
° N co,et N 67%
\\\< CO,Et
| CH3
X Ph Ph
Me.__Ph
| Ph
11 >95%
MeO,C MeO,C /,,CC(;'3M
CO,Me 2Me
MeO,C 2 MeOL 6238 dr.

“Reaction conditions: 1b (7 mol%), 6 atm H,, C¢Hg at 50 °C for 1.5 d.

but also (when there is no suitable substituent on C6) from CS
(entries 1, 3, 4, 7, 10), as the C—H bonds on that carbon have
been weakened by the adjoining radical center.”> Cyclo-
isomerizations of the former type have been reported by Shenvi
and co-workers (see eq 4 above),'® but cycloisomerizations of
the latter type have not been reported for the PhSiH;/Co(salen)
system.

Slower Cyclizations. As Scheme 2 and the resulting eq 10
show, isomerization and hydrogenation can compete with

k cyc

S (10)
Knyd[M—H] + kiso[M°]

cyclized products
uncyclized products

DOI: 10.1021/jacs.6b03509
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cyclization and decrease the yield of cyclized product. 5-Exo
cyclizations are straightforward, because their k. is large.** Any
change that decreases k., will permit the radical to react in other
ways. For example, 6-endo and 7-endo cyclizations are generally
slower than $-exo cyclizations.”® (The 5-exo cyclization™ of the
S-hexenyl radical is about S0 times faster than the 6-endo
ne.3537)

We have attempted the cyclization of 19, in part because its
structure eliminates the possibility of isomerization. Even with
the Co catalyst 1b, however, hydrogenation to 20 is quantitative

after 4 days.
| |
o) o)
20, > 95%

19

1b (7 mol%)

6 atm H,

(11)
CgHg 50 °C, 3 d

In other cases we can avoid both isomerization and hydro-
genation. As with 19, the structure of 21 makes isomerization
impossible, and no hydrogenation is observed after several days.
However, instead of the cyclized 22, we isolate a good yield of the
dimer 23 (Scheme 3).>”*® Presumably the initial radical 22R
adds to another equivalent of 21 more rapidly than it cyclizes, and
abstraction of He from 23R produces 23. Diluting the reaction
10-fold suppresses the formation of 23, but we recover only
starting material. Apparently k. for a 7-endo cyclization is
simply too slow.””*

Transfer of He Back to the Catalyst. It is apparent from
Scheme 2 that transfer of He back to Me (k,[Me]) can compete
with isomerization, cyclization, and hydrogenation. The direct
measurement of k,, is not practical, given the poor solubility of 1b
and the reactivity of the organic radical. Some information is
available if we carry out the reaction under D,. For example,
deuterium is incorporated into both the a and the b positions
of 21 when the reaction in Scheme 3 is run at high dilution under
D,; He transfer must be occurring, but reversibly (eq 12).

Ha Y b
\
D
210
After 3 days with 1b (7 mol %) and 6 atm D,

H,: 20% D Incorporation
,: 40% D Incorporation

ko[M-D]

12
K] a2

In eq 13, there is a net (and quantitative) isomerization of 24 to
2S. Under D, there is H/D exchange at the expected position c,
demonstrating reversible He transfer to the methylene of the

acrylate 24. There is also some H/D exchange at the more con-
gested position d, which implies that after its initial formation, 25
can reversibly accept De (regenerating 24R).

CHz  kp1[M-D]
|
Me0O,C Kir1[Me]
2 CHy
24
Koa-D1 [[ K] (13)
After 3 days with 1b (7 mol %) | CHs
and 6 atm D, MeO,C
Hc: 19% D Incorporation 77 Hy TCHs
Hgy: 26% D Incorporation
0 p HC HC HC 25

Equation 14 achieves a cycloisomerization in good yield.
Under D, there is again H/D exchange at the g position
(the acrylate double bond), but more H/D exchange occurs at
positions e and f of the terminal methylene in the product 27.
These results imply that the abstraction of He from 27R is fast
and reversible.

Me.__Ph H;C_Ph
| kp1[M-D] |
pliie o
E ki1 [Me] E .
E E E E
E = CO,Me 26R
26
Ko [ (14)
Hy HsC
. _Ph
He™\_-Ph Kir2[M]
£ Mo kp2[M-D] E E
E 927 E E 27rR

After 3 days with 1b (7 mol %) and 6 atm D,
He + Hy: 61% D Incorporation
Hy: 15% D Incorporation

B CONCLUSION

Both CpCr(CO);H and Co(dmgBF,),(THF), are effective He
donor systems under H,; i.e., both can promote the formation of
28R from 28. However, they take 28R in different directions.
With CpCr(CO);H, [M-H] is relatively high and the formation
of 29 will prevail. With Co(dmgBF,),L, (1), [Me] dominates
and the formation of 30 is favored. Thus, we can select the fate of
radicals such as 28R by the selection of catalyst.

Scheme 3. Potential Reaction Pathways for 21

kcyc

CeHg 50 °C, 24 hr
21 '

<
| H
\ 1b (7 mol%) : A\
6 atm H,
o
21R

kqim[21] O
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(0]
22R
not observed

A

! 2
0 _ QL0
IS

H 23R H 23
j\

22
not observed

o
83%
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hydrogenate H
kiso[M’H] H R
" Ph 2+ M
29 R
R, M LR, ’ (15)
Ph 2 kM Ph 2 isomerize H
Rs Rs Kiso[M®]
28 28R P N Re *M
30 Rs

The choice between the Cr and the Co catalysts also
determines the mode of termination after cyclization of the
initial radical. With the substrate 31, for example, CpCr(CO);H
maintains a relatively high [M—H] and cyclohydrogenation will
prevail. With Co(dmgBF,),L, (1), on the other hand, [Me]
dominates and cycloisomerization will result (Scheme 4).

Scheme 4. Catalytic Cycle for Cycloisomerizations with 1

Co(dmgBF;),L,
-t H— CO,Me
CO,Me _—
. _Ph Co(dmgBF,),L Ph
31 catalyst resting
state

abstraction

H— CO,Me

He transfer Y H, L+1/2 Hy

"CoH"

T

CO,Me

~__Ph cyclization
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